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Chapter  I 
OVERVIEW 
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Our  work  during  the  past  year  has  progressed  In  several  areas. N  We  list 
here  the  topics  that  comprise  the  majority  of  our  efforts.  ^ 
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SI -Metal  Contacts:  We  have  Investigated  a  number  of  transition  metals 
(N1,  Pd,  Pt,  Ag)  on  SI  to  determine  both  the  abruptness  of  the  Interface 
and  the  nature  of  the  chemical  bonding  between  SI  and  the  metal.  We 
have  also  examined  In  some  detail  the  removal  of  the  surface  states  on 
a  cleaved  SI  surface  by  oxygen,  cesium,  and  transition  metals.  %  These 
studies  have  advanced  our  understanding  of  the  mechanism  of  ScJjottky 
barrier  formation  on  Si.  _____ — ^ 


\2)  Laser  Enhanced  Oxidation  of  GaAs  (110):  We  have  demonstrated  an  increase 
in  the  oxygen  sticking  probability  on  the  GaAs  (110)  surface  by  exposure 
to  low-intensity  (£3w/cm2)  laser  radiation.  We  believe  this  enhancement 
is  due  to  an  Increase  in  the  density  of  free  electrons  at  or  near  the 
surface.  ^ 

c  )  31  Oxygen  Chemisorption  on  GaAs  (110):  New  valence  band  measurements,  sen¬ 
sitive  to  very  low  (<0.001  monolayer)  oxygen  coverages,  have  revealed 
that  the  chemisorbed  state  of  oxygen  on  GaAs  (110)  consists  of  an  oxygen 
bonded  to  a  surface  As  in  addition  to  an  oxygen  bridging  between  that  As 
and  a  next  nearest  Ga. 


4.  Interface  Between  GaAs-Cs,  0,  and  Vacuum  In  NEA  Photocathodes:  We  have 
completed  work  which  gives  fundamental  Insight  Into  the  GaAs-Cs-0  inter¬ 
face  region  and  opens  new  possibilities  for  reducing  the  threshold  of 
response  (by  using  3-5  semiconductor  alloys)  of  negative  electron  affin¬ 
ity  photocathodes,  as  well  as  making  stable  cathodes  at  lower  wavelengths. 


v-  ■}  5. 


Interaction  of  Oxygen  with  SI  (111):  We  have  investigated  the  oxygen 
adsorption  properties  on  both  the  SI  surface  cleaved  at  room  temperature 
(which  exhibits  a  2  x  1  reconstruction)  and  the  annealed  surface  (7x7 

results  have  shown  unambiguous  support  for  the 
he  7  x  7  surface.— 

rs 

Adsorption  of  Column  III  and  V  Elements  on  GaAs:  We  have  found  that  the 
column  III  elements  studied  (Ga  and  Al)  appear  to  form  a  metallic  bond 
to  the  surface,  thus  forming  two-dimensional  "rafts"  randomly  oriented 
on  the  GaAs  surface 
dence  of  a  dl recti o 
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In  contrast,  the  column  V  element  (Sb)  gives  evl- 
resultlng  In  an  ordered  overlayer. 
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reconstruction). -^Our 
defect  type  model 


Chapter  II 

SUMMARY  OF  SELECTED  TOPICS 
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Brief  summaries  of  the  aforementioned  topics  (3)  and  (5)  are  Included 
here;  summaries  of  the  other  topics  will  be  found  In  our  reports  of  the 
past  year.  More  detailed  accounts  of  our  work  In  these  areas  appear  In 
the  appendices  of  this  report  as  well  as  the  appendices  of  previous  and 
upcoming  reports.  Further  Information  will  be  found  in  our  proposal  for 
the  renewal  of  Contract  No.  N00014-79-C-0072  for  the  period  1  October  1981 
to  30  September  1982. 

A.  Mechanism  of  Oxygen  Chemisorption  On  GaAs 

For  both  fundamental  and  practical  reasons,  we  consider  It  very  impor¬ 
tant  to  obtain  a  definitive  understanding  of  the  chemisorbed  phase  of  oxygen 
on  GaAs.  This  is  the  phase  obtained  with  unexcited  oxygen  characterized  by 
a  completely  resolved  2.9  eV  As-3d  shift  and  an  asymmetric  broadening  of  the 
Ga-3d  peak  (with  a  Ga  shift  of  at  most  0.7  eV).  These  shifts  correspond  to 
those  obtained  by  Goddard's  group  (JVST  .16,  1178  (1979))  for  oxygen  attached 
to  a  surface  As  without  breaking  any  back  bonds.  This  was  also  our  original 
suggestion  for  the  chemisorbed  oxygen.  Problems  with  this  model  involved 
the  dynamics  of  the  breakup  of  the  O2  molecule. 

Goddard  et.  al.  (private  communication)  and  Mark  et.  al.  (Thin  Solid 
Films  56,  19  (1979);  Crit.  Rev.  Solid  State  Scl.  5,  189  (1975))  suggested 
that  this  was  done  at  defect  sites  with  the  oxygen  uptake  spreading  outward 
from  these  sites.  Our  recent  work  shows  that  this  Is  not  the  case.  In 
addition,  we  have  given  definitive  evidence  that  the  model  of  Brundle  et.  al. 
(JVST  1_6,  1186  (1979)),  which  assumes  that  there  is  no  chemisorbed  state- 
only  clusters  of  AS2O3  and  68203— Is  not  correct.  Finally,  we  have  new 
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evidence  for  a  second  major  adsorption  site  where.  In  addition  to  an  oxygen 
bonded  to  an  As,  there  Is  an  oxygen  bridging  between  that  As  and  a  next 
nearest  6a. 

Essential  to  arriving  at  these  conclusions  have  been  extensive  experi¬ 
ments.  Included  are  the  development  of  new  valence  band  spectroscopy  tech¬ 
niques  In  which  very  low  concentrations  of  oxygen  can  be  detected  (<0.001 
monolayer),  thermal  desorption,  studies  of  the  valence  bands  of  63303  and 
AS2O3,  and  adsorption  of  oxygen  on  disordered  sputtered  6a-r1ch  6aAs  (110) 
surfaces. 

B.  The  Interaction  of  Oxygen  with  SI  (111)  Surfaces 

It  Is  well  known  that  the  SI  (111)  surface  exhibits  a  2  x  1  reconstruc¬ 
tion  after  cleaving  at  room  temperature  and  transforms  to  a  7  x  7  reconstruc 
tlon  after  annealing  at  elevated  temperatures  (>200°).  Understanding  the 
nature  of  these  reconstructions  is  important  in  understanding  the  covalent 
bonding  on  the  Si  surface.  Direct  determination  of  the  structure  of  the 
7x7  reconstruction  has  so  far  been  prohibited  because  of  its  complexity. 
During  this  reporting  period,  we  have  attempted  to  distinguish  various 
models  for  the  7x7  reconstruction  through  detailed  comparisons  of  the 
oxygen  adsorption  properties  on  the  2  x  1  and  7x7  surfaces.  Our  results 
have  shown  unambiguous  support  for  the  defect  type  model  of  the  7x7  surface. 

We  have  also  made  progress  In  understanding  the  room -temperature  oxygen 
adsorption  configuration  on  the  Si  (111)  2  x  1  surface.  By  examining  the 
evolution  of  the  chemical  shifts  In  SI  2p  of  oxygen-covered  surfaces  under 
heat  treatments,  we  have  eliminated  many  possibilities  and  have  narrowed 
the  choice  to  a  few  possible  S1-0  bonding  configurations.  These  results 
suggest  that  more  systematic  studies  of  the  annealing  effects  may  be  very 
important  in  understanding  the  S1-0  bonding. 
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This  work  is  not  only  important  for  gaining  fundamental  understanding 
of  the  Si  surfaces  but  is  also  Important  in  understanding  the  initial  steps 
In  oxidation  of  Si  in  VLSI  applications. 
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.^INVESTIGATED  WITH 
Ge/Ni  AND  G«/Pd 


We  report  the  first  photocmisoon  studies  of  the  electronic  structure  at  the  interface  between 
Ge(lll)  and  d-tnctal  oveilaycn  at  monolayer  coverages.  Two  systems  arc  discussed,  Ge(lll)/ 
Pd  and  Ge(lil)/Ni  In  tire  case  of  Ge(lll)/?d  a  broad,  reacted  germanide-like  phase  is  formed 
with  similar  electronic  features' to  the  Si(lll)/Pd  interface.  In  the  Ge(lll) f  Ni  cast  an  evolu¬ 
tion  of  the  valence  band  structure  versus  eoverate  from  a  reacted  situation  to  a  metal  rich  situa¬ 
tion  is  found,  indicating  a' strong  gradient  of  concentration.  The  interface  is  narrower  than  for 
Ge/Pd.  Phctoemission  spectra  of  the  valence  band  at  liv  *  80  eV  are  presented  at  we!)  at  core 
line  data  of  the  Ge  3d  which  show  the  trends  in  binding  energy  shifts  and  the  changes  in  the  re¬ 
lative  intensities  as  a  function  of  metal  coverage.  The  discussion  is  carried  out  on  the  differences 
in  the  growth  of  these  interfaces  and  comparisons  are  made  to  the  correspondent  rilidde/metal 
systems. 


I.  Introduction 

The  study  of  Si  d -metal  interfaces  with  photoelectron  spectroscopy  and  other 
techniques  of  electron  spectroscopy  has  provided  an  extraordinary  amount  of  infor¬ 
mation  about  the  electronic  structure  [1—10].  The  interaction  processes  taking 
place  in  the  interface  region  have  been  elucidated  and  the  connection  between  in- 
'  terface  reaction  products  and  bulk  sQiddes  is  now  basically  understood.  Moreover 
the  nature  of  the  chemical  bond  in  sfiicides  has  been  examined  ir.  detail  at  least  in 
the  case  of  NI,  Pd  [1]  and  Pt,  i,e.  the  transition  metals  next  to  the  noble  metals  in 
the  periodic  table  [1,4].  These  investigations  have  been  pursued  in  close  collabora¬ 
tion  between  theory  and  experiment. 

Nevertheless  an  extensive  systematic  understanding  of  the  interfaces  between 
elemental  groiup  IV  semiconductors  and  d-melals  is  still  lacking  basically  for  two 
reasons: 

*  Permanent  address:  Ipstitulo  di  Fisica  del  Polilecnico,  Milano,  luly. 
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(i)  The  study  of  the  interfaces  between  Si  and  refractory  d-meials  is  still  at  the 
beginning  [6]. 

(ii)  No  spectroscopic  information  on  Ce  d -metal  interfaces  is  available  at  present 
(in  particular  no  reactive  Ce  transition  metal  interface  has  been  studied  with  photo- 
emission). 

A  wide  empirical  basis  is  of  paramount  importance  to  establish  the  trends  of  the 
electron  states  when  the  semiconductor  (Si  or  Ce)  or  the  d -metal  are  changed.  The 
knowledge  of  these  trends  is  extremely  useful  for  a  better  understanding  of  the  in¬ 
terface  formation  mechanism  and  to  discriminate  between  different  models  for  the 
interface  growth.  The  present  paper  should  be  regarded  as  a  step  forward  in  this  di¬ 
rection  since  it  is  the  first  presentation  of  photoemission  results  from  reactive  Ge  d- 
metal  interfaces.  We  present  here  results  on  Ge(lll)-Ni  and  Ge(lll)-Pd  interfaces. 
We  point  out  analogies  and  differences  with  respect  to  Si(lll)Ni  and  Si(lll)-Pd 
interface  and  show  the  usefulness  of  a  comparison  between  the  silicon  and  Ge  inter¬ 
faces. 

Photoemission  results  were  obtained  on  cleaved  Ge(l  11)  covered  with  increasing 
amounts  of  Ni  and  of  Pd.  Since  this  is  the  first  presentation  of  results  for  Ge  inter¬ 
faces  of  this  kind  the  present  paper  is  centered  on  the  general  trends  of  the  electron 
states  seen  at  increasing  coverages  6  (hereafter  measured  in  monolayer  units).  A 
more  detailed  study  of  the  0  -dependence  at  very  low  coverages  comparable  to  those 
in  the  Si  case  [5] ,  has  been  left  for  future  investigations. 


2.  Experimental 

N-type  Ge(l  1 1)  samples  were  cleaved  in  UHV  (operative  pressure  <  10-10  Torr) 
and  the  metal  depositions  were  made  thermally  from  high  purity  Pd  and  Ni  thin 
wires  at  pressures  within  the  10“10  Torr  range.  The  cleanliness  of  the  sample  was 
checked  by  XPS  analysis.  The  angle  integrated  photoelectron  spectra  were  recorded 
with  a  double  pass  cylindrical  mirror  analyzer  with  the  axis  normal  to  the  'sample 
surface.  The  light  source  was  syncrotron  radiation  (SR)  from  the  SPEAR  storage 
ring  at  SSRL  and  a  “grasshopper”  monocliromator  was  used  for  the  monochromati- 
zation.  The  light  was  striking  the  sample  at  grazing  incidence  with  an  angle  of  15° 
relative  to  the  sample  surface.  Both  valence  band  photoemission  and  Ge  3d  core 
line  photoemission  were  carried  out  with  excitation  energies  giving  kinetic  energies 
of  the  photoclectrons  close  to  the  minimum  of  the  escape  depth.  The  two  sets  of 
measurements  thus  have  the  same  degree  of  surface  sensitivity  and  are  dirccliy  com¬ 
parable. 

The  excitation  energies  used  were  h v  *  80  cV  for  the  valence  band  which,  in  ad¬ 
dition  to  the  short  escape  depth,  gives  a  high  sensitivity  of  the  d  -contribution  to  the 
energy  distribution  curves  (EDO’s).  Photoemission  at  the  4d  Cooper  minimum  [4,5) 
in  the  Pd  case  to  recover  the  sp  contribution  in  the  valence  band  EDC  of  Ge  lias 
been  left  to  future  investigations. 
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The  Ge  3d  core  line*  with  a  binding  energy  of  about  30  eV  were  measured  with 
hv  *  120  eV  which  « the  best  cnmnrnnusa  between  intensity  cross  section^surface'' 
sensitivity)  and  instrumcntal(£scape  dept^resolution. 


3.  Results 


The  relevant  experimental  information  is  summarized  in  a  synthetic  way  in  the 
figures.  The  valence  band  EDCs  for  Ge(l  1  l>Pd  and  Ge(l  1  l>Ni  are  given  u  a  func- 


F*.  1.  Angle  integrated  valence  photocieetron  spectra  (hr  ■  80  cV)  from  Gc(lll)  at  increasing 
N  (a)  and  Ni  coverages  (b);  coverages  in  monolayer  units. 
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tion  of  $  in  fig.  la  and  lb,  respectively.  Hie  dominant  feature  in  these  spectra  is  the 
d  contribution,  in  fig.  2b  we  give  the  ratio  R  of  the  counting  rates  from  the  valence 
band  d -metal  and  from  the  Ce  3d  lines.  The  counting  rate  from  the  metal  is  taken 
from  the  peak  of  the  valence  states  where  the  d -contribution  is  dominant  since  no 
deeper  lying  metal  core  lines  could  be  used  with  sufficiently  good  resolution  and  in¬ 
tensify  due  to  the  limitation  in  the  grasshopper  output  above  the  carbon-edge.  The 
ratio  R  is  given  in  arbitrary  units  since  an  absolute  calibration  was  not  possible  due 
to  the  lack  of  knowledge  of  the  3d  photoionization  cross  section  in  Ge-metal  mixed 
systems.  In  fig.  2a  is  plotted  the  variation  of  the  Ge  3d  binding  energy  versus  metal 
coverage  by  taking  as  a  reference  point  the  position  at  6  *  I  where  a  superficial  me¬ 
tallic  phase  is  already  developed  (see  the  valence  band  EDCs  in  fig.  1).  With  this 
treatment  of  the  data  the  core  line  position  is  referred  to  a  metallic  situation  and  no 
ambiguities  due  to  band  bending  effects  are  present  in  the  analysis  in  the  interval 
covered  in  the  present  investigation  ( 0  >  1). 


Fig.  3.  Coverage  dependence  of  the  Ge  3d  core  line  bindint  energy  shin  (referred  to  the  9  *  1 
core  line  position)  in  Ge-Ni  and  Ge— Pd  as  a  function  of  coverage  0  in  monolayer  units  (a).  The 
ratio  R  (in  arbitrary  units)  between  the  metal  and  Ge  concentrations  in  Ge-Ni  and  Ge-Pd  (b). 
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Before  proceeding  to  the  discussion  it  is  important  to  note  the  following  aspects 
of  the  experimental  results:  0)  Tire  shape  of  the  valence  band  density  of  states  is 
very  similar  to  that  of  the  corresponding  Si(l  1 1)-Pd  and  Si(l  1 1  )-Ni  interfaces  [5] . 
In  particular  in  the  Ge(l  1 1)-Pd  case  the  shape  of  the  EDC  is  germanide-like  also  at 
the  higher  6.  (ii)  The  6  dependence  of  the  ratio  R  between  metal  and  Ge  is  consider* 
ably  different  in  the  two  cases.  In  the  Ni  case  R  increases  considerably  while  in  Pd 
it  lewis  off  to  an  almost  constant  value  (see  ftg.  2b).  (iii)  The  Ge  core  level  shift  is 
opposite  in  the  two  interfaces  (see  ftg.  2a )3  With  the  trend  being  towards  lower 
binding  energies  in  Ni  and  towards  higher  binding  energies  in  Pd.' 


4.  Discussion 

The  similarity  between  the  valence  band  density  of  states  in  Ge  and  Si  interfaces 
is  not  surprising,  since  the  nature  of  the  chemical  bond  [5]  between  the  last  column 
transition  metal  and  the  two  elemental  group  IV  semiconductors  (Si  and  Ge)  is  ex¬ 
pected  to  be  the  same.  In  this  connection  it  is  interesting  to  note  that  in  Ge-Pd  the 
composition  of  the  reaction  products  reaches  a  nearly  constant  value  indicating  that 
even  at  room  temperature  something  very  similar  to  a  well  defined  compound  is 
formed,  only  a  very  smal 1  concentration  gradient  exists  along  the  normal  to  the  in¬ 
terface  corresponding  to  a  metal  concentration  increase.  It  is  further  well  establish¬ 
ed  [13]  that  in  germanide  formation  the  first  nucleated  compound  is  PdjGe.Thus 
we  attribute  the  plateau  of  fig.  2b  to  the  formation  of  a  PdjGe-like  interface  in 
dose  analogy  to  Si-Pd  interfaces.  The  important  difference  with  respect  to  the 
Si-Pd  case  is  the  fact  that  higher  coverages  are  required  in  Gc -Pd  to  reach  the  ger- 
manide-like  situation.  This  point  waits  for  a  detailed  thermodynamical  investiga¬ 
tion.  For  the  time  being  we  can  rely  upon  the  well  recognized  importance  of  con¬ 
densation  energy  of  the  metal  in  promoting  the  intermixing  [9 ,1 1 ,12] .  The  require¬ 
ment  of  a  greater  coverage  could  be  connected  to  a  larger  condensation  energy'  of 
Pd  on  Ge  i.e.  a  larger  amount  of  energy  release  due  to  the  Pd— Ge  bond  formation 
with  respect  to  the  Pd-Si  case  causing  a  stronger  disruption  in  the  interface  region 
with  a  greater  penetration  of  Pd  into  the  substrate.  Thus  higher  6  would  be  neces¬ 
sary  to  reach  a  Pd2Ge-likc  situation.  This  is  only  a  conjecture  since  the  values  of  the 
condensation  energy'  of  these  systems  are  not  known  at  the  present  time.  Another 
important  point  is  the  fact  that  the  eutectic  temperatures  [IS]  in  Ge  are  lower  than 
in  Si,  thus  indicating  that  intermixing  at  RT  before  PdjGe  formation  could  be  easier 
in  Ge— Pd  than  in  Si— Pd. 

The  much  higher  concentration  gradient  in  Ge-Ni  than  in  G:-Pd  has  its  counter¬ 
part  in  Si— NI  and  Si-Pd  interfaces.  In  fact  two  possible  models  have  been  suggested 
for  the  Si  systems.  One  of  these  modes  is  based  on  the  much  higher  degree  of  order 
of  Pd2Si  overgrowth  as  compared  to  Si— Ni  due  to  the  good  lattice  matching  of 
Pd2Si  o*asgr©wth~«s-eofflpared-io-Si—  N»-do*-to-the-good  iauice  matching-ef-Pd^-Si — 
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and  Si.  Pd2Si  and  Si  are  known  to  form  rather  sharp  interfaces  [  1  ] .  The  barrier  to 
interdiffusion  in  Si-Ni  could  be  ascribed  to  the  difficulty  of  mass  transport  across  a 
disordered  system  [13].  Another  possibility  is  the  higher  heat  of  formation  of  Si- 
Ni  compounds  makes  it  more  difficult  to  create  defects  in  the  intermixed  Si-Ni  re¬ 
gion  so  that  defect  assisted  diffusion  is  less  pronounced.  For  Ge'it  should  be  noted 
that  the  mismatch  to  hexagonal  Pd2Ge  is  higher  than  in  the  Si— Pd2Si  case  and  a 
lower  degree  of  order  is  found  as  pointed  out  in  [14].  Thus  the  different  behavior 
of  in  Si  and  Ge  is  a  strong  indication  in  favour  of  the  fact  that  the  degree  of 
order  is  not  the  essential  point.  The  poor  knowledge  of  thermodynamical  data  (e.g. 
the  heat  of  formation)  on  the  Ge-transition  metal  compounds  makes  the  discussion 
on  this  point  difficult.  Nevertheless  we  speculate,  on  the  basis  of  Andrews  and 
Phillips1 1 16]  correlation  between  Schottky-barrier  heights  and  heats  of  formation 
of  filicides,  that  the  Ni-Ge  compounds  have  a  higher  heat  of  formation  than  to  the 
Pd-Ge  compounds. 

Following  this  tentative  speculation  the  defect  formation  energy,  which  is  pro¬ 
portional  to  the  heat  of  formation,  would  be  higher  for  Ge-Ni  than  for  Ge-Pd 
playing  an  important  role  in  the  interdiffusion.  The  lower  barrier  height  of  Ge-Ni 
is  also  consistent  with  the  higher  eutectic  temperature  if  the  same  correlation  with 
temperature  as  is  assumed  for  Si  [17] . 

The  last  thing  we  would  like  to  point  out  is  the  opposite  trend  observed  for  the 
binding  energy  shifts  of  the  Ge  core  lines  (see  fig.  2a).  It  is  worthwhile  noting  that 
a  similar  behaviour  has  been  found  in  the  corresponding  Si  interfaces  [2,5]. 

Our  results  for  the  Ge(lll)-Ag  interface, reported  elsewhere  [19],  give  the  same 
trend  as  seen  for  Ge(l  1 1)-Ni  with  a  chemical  shift  of  the  Ge  3d  line  signal  towards 
the  lower  binding  energies.  In  the  interpretation  of  a  small  core  line  shift  it  is  neces¬ 
sary  to  avoid  oversimplified  schemes  based  merely  on  charge  transfer.  In  fact  accu¬ 
rate  calculations  [18]  of  the  valence  states  of  Ni  and  Pd  silicides  show  a  charge 
transfer  always  from  the  metal  to  silicon  in  spite  of  the  opposite  trend  of  the  Si  2p 
core  lines.  Presumably  differences  in  relaxation  energies,  in  the  volume  available  to 
Si  atoms  and  in  the  electron  configuration  can  explain  this  behavior.  For  the  pre¬ 
sent  data  it  is  thus  premature  to  assess  the  charge  transfer  problem.  Further  theore¬ 
tical  work  is  required  to  put  the  available  experimental  results  on  a  quantitative 
basis.  We  want  to  stress  the  importance  of  theoretical  understanding  of  the  core  line 
chemical  shifts  since  they  may  provide  more  information  about  the  chemical  bond¬ 
ing  in  the  interface  than  the  valence  band  structure. 


S.  Conclusion 

In  conclusion  we  have  shown  that  in  reactive  Ge-Ni  and  Gc-Pd  interfaces  strong 
chemical  interaction  takes  place  also  at  room  temperature  with  the  formation  of  a 
germanide-like  phase  in  Gc-Pd  and  with  a  rapidly  varying  concentration  gradient  in 
the  Ge-Ni  case.  Wc  have  discussed  the  relevance  of  these  results  by  a  comparison  of 
the  available  information  on  Ge  and  Si  d -metal  interfaces. 
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Following  an  introduction  to  th<  chemistry  of  the  GaAi(llO)  surface,  an  experimental  determination  of  the  imerfacial  bond 
character  between  column  3  or  column  S  elements  and  GaAs(llO)  is  presented.  The  column  S-GaAs(llO)  bonds  are  directional 
(covalent)  in  charactet,  while  the  column  I-GiAs(UO)  bonds  are  non-ditectjonal  and  apparently  non-local  in  nature.  Implica¬ 
tions  of  these  results  for  crystal  growth  are  given.  It  is  concluded  that  in  3-5  crystal  growth,  the  column  S  atoms  are  expected  to 
initiate  the  epitaxial  alignment  of  a  growing  layer  with  the  crystalline  substrate. 


1.  Introduction 

The  microscopic  processes  which  occur  during  the 
growth  of  a  new  lattice  layer  (single  atomic  or  molec¬ 
ular  layer)  on  a  crystalline  substrate  are  of  fundamen¬ 
tal  interest.  For  example,  surfaces  of  different  crystal¬ 
lographic  orientation  on  the  same  crystal  may  have 
different  growth  characteristics.  This  is  due  to  the 
dependence  of  the  surface  layer’s  chemistry  on  the 
details  of  the  bonding  configuration  of  each  atom 
within  the  surface  unit  cell.  If  the  bonding  configura¬ 
tions,  and  hence  the  chemistry,  of  a  given  surface  lat¬ 
tice  are  well  understood,  then  the  bonding  of  crystal 
elements  adsorbed  on  the  surface  may  be  investi¬ 
gated.  From  this,  it  may  be  learned  which  element  is 
responsible  for  initiating  the  epitaxial  growth  of  a 
new  lattice  layer.  Subsequent  steps  in  the  growth  of 
a  lattice  layer  may  then  be  studied. 

In  this  paper  we  follow  the  sequence  given  above, 
first  discussing  the  chemistry  of  the  (110)  surface  of 
GaAs.  Next,  the  bonding  of  column  3  (Al,  Ga),  and 
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Linear  Accelerator  Center  and  the  Department  of  Energy. 

••  Stanford  W.  Ascherman  Professor  of  Engineering. 


column  5  (Sb)  elements  to  GaAs(110)  is  examined, 
and  finally  the  relationship  of  these  data  to  GaAs  (or 
more  generally,  3-5  crystal)  epitaxial  growth  is  given. 


2.  Experimental 

To  gain  an  understanding  of  the  microscopic  pro¬ 
cesses  which  occur  at  a  crystal  surface  during  growth, 
it  is  necessary  to  use  experimental  techniques  which 
will  probe  only  the  first  atomic  layer  or  two  of  the 
crystal  surface.  Photoemission  electron  spectroscopy 
(PES),  supplemented  by  low  energy  electron  diffrac¬ 
tion  (LEED),  have  been  used  in  this  work  due  to  their 
high  surface  sensitivity.  PES  gives  directly  informa¬ 
tion  on  the  bonding  states  at  the  surface  [1]  (both 
adsorbate  and  substrate),  while  proper  analysis  of 
LEED  data  (including  multiple  scattering  effects ) 
gives  the  crystal  structure  within  the  unit  cell  as  well 
as  the  translational  symmetry  [2] . 

GaAs(110)  crystal  surfaces  with  low  defect  den¬ 
sities  [3]  and  no  contamination  were  prepared  by 
cleavage  under  ultrahigh  vacuum  conditions  (typically 
10_,°  Torr).  After  characterizing  the  clean  surface 
with  PES  and/or  LEED,  adsorption  of  foreign  mate¬ 
rials  was  done  by  careful  gas  exposures  [4]  (0*)  or 
controlled  evaporation  from  an  elemental  source 
(Al,  Ga,  Sb).  PES  and/or  LEED  measurements  were 
typically  repeated  at  several  adsorbate  coverages.  De¬ 
tailed  descriptions  of  the  experimental  procedures 
may  be  found  elsewhere  [4—6] . 
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3.  Background:  the  chemistry  of  GaAs(l  10) 

LEED  data  have  shown  that  the  GaAs(110)  non* 
polar  surface  has  both  the  same  translational  sym¬ 
metry  (1  X  1  unit  cell)  and  structure  within  the  sur¬ 
face  unit  cell,  regardless  of  whether  it  is  prepared  by 
cleaving,  sputtering  and  annealing  [3],  or  by  molecu¬ 
lar  beam  epitaxy  [7]  (MBE).  However,  it  has  been 
shown  by  LEED  analysis  [8,9]  and  by  electron  para¬ 
magnetic  resonance  measurements  [10]  that  the 
structure  within  the  surface  unit  cell  is  not  the  same 
as  in  the  bulk.  A  reconstruction  occurs  such  that  the 
surface  Ga  atoms  move  0J  A  toward  the  crystal,  and 
the  surface  As  atoms  move  0.2  A  away  from  the  crys¬ 
tal  [9]. 

This  is  understood  on  the  basis  of  the  chemistry  of 
Ga  and  As  [11,12].  The  surface  Ga  atoms,  having 
only  three  neighbors,  teisd  toward  s  sp2  hybridiza¬ 
tion,  while  the  surface  itoms,  also  having  a 
reduced  coordinate  tend  »  dehybridize  toward 


•  LOCATION  Of  CMNTT  SUN* ACC  STATC 

Fij.  l,  a  schematic  illustration  of  the  relationship  between 
atomic  and  electronic  structure  of  GaAs(l  10).  The  lower  part 
of  the  figure  shows  a  side  view  of  the  reconstructed  surface, 
whh  two  non-bonding  electrons  on  the  surface  Aa  atoms  and 
aa  empty  non -bonding  orbital  on  each  surface  Ga  atom.  Tbs 
density  of  electronic  states  versus  energy  is  sketched  in  the 
upper  half  of  the  figure,  showing  occupied  surface  states 
below  the  valence  band  maximum  and  unoccupied  surface 
states  above  the  conduction  band  minimum.  After  Pianette 
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their  atomic  configuration.  Both  of  these  trends  can 
be  accommodated  by  a  reconstruction  of  the  surface 
lattice  (see  fig.  1). 

Electronically,  the  reconstruction  alters  the  parti¬ 
ally  occupied  “dangling  bond”  states  (sp1)  of  the  un¬ 
reconstructed  surface  such  that  these  states  are 
shifted  away  from  the  band  gap  [11,13]  (see  fig.  1). 
The  three  valence  electrons  of  the  surface  Ga  atom 
are  taken  up  in  the  three  sp2  bond  orbitals,  leaving  an 
empty  p2  state  above  the  conduction  band  minimum 
(CBM).  Thus,  the  partially  occupied  “dangling  bond” 
state  of  the  surface  Ga  atom  shifts  up  in  energy  and 
becomes  an  empty  pt  orbital.  Of  the  five  valence  elec¬ 
trons  on  the  surface  As  atoms,  three  are  in  p-like  orbi¬ 
tals  bonding  to  neighboring  Ga  atoms  (back  bonds), 
with  the  remaining  two  in  an  s-like  “lone  pair”  con¬ 
figuration.  Thus,  the  partially  occupied  “dangling 
bond”  state  of  the  surface  As  atom  is  replaced  by  a 
doubly  occupied  “lone  pair”  orbital,  located  well 
below  the  valence  band  maximum  (VBM). 

The  effect  of  the  reconstruction  on  the  chemistry 
of  the  GaAs(lI0)  surface  is  easily  seen  from  studies 
of  oxygen  chemisorption.  Considering  only  the  prop¬ 
erties  of  bulk  Ga  and  As  as  separate  elemental  mate¬ 
rials,  one  would  expect  oxygen  to  bind  to  the  surface 
of  bulk  Ga  in  preference  over  the  surface  of  bulk  As. 
However,  the  Ga  atoms  on  the  reconstructed  GaAs- 
(110)  surface  do  not  have  any  nonbonding  electrons 
available  in  a  “lone  pair”  orbital.  This  suggests  that 
oxygen  atoms  will  adsorb  on  As  sites  in  preference  to 
Ga  sites  on  a  well-ordered  reconstructed  GaAsQlO) 
surface  [14],  opposite  to  expectations  based  on  bulk 
chemical  thermodynamic  properties  of  Ga  and  As. 

Experimental  data  do,  in  fact,  show  a  strong  ten¬ 
dency  for  oxygen  to  bind  to  the  surface  As  atoms. 
The  chemical  shift  of  the  Ga  3d  or  As  3d  core  elec¬ 
trons  gives  a  direct  indication  of  the  site  and  relative 
amount  of  oxygen  adsorption  on  the  surface.  By  per¬ 
forming  photoemission  electron  spectroscopy  (PE S) 
using  synchrotron  radiation  as  alight  source  [IS],  the 
surface  sensitivity  of  this  measurement  can  be  opti¬ 
mized  such  that  only  the  first  few  lattice  layers  are 
sampled  [1,15].  Chye  et  al.  [16]  have  compared  the 
oxidation  of  ordered  vs  disordered  GaAs(l  10).  In  the 
case  of  a  disordered  (sputtered)  surface,  oxygen  was 
found  to  bond  to  Ga  in  strong  preference  to  As  (ratio 
of  oxidized  Ga  to  oxidized  Asm5:  1),  consistent 
with  bulk  thermodynamics.  However,  on  the  ordered 
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surface,  a  much  stronger  tendency  for  oxygen  to 
bond  to  As  is  seen  (ratio  of  chemically  shifted  As  3d 
to  Ga  3d  >  1  :  1 ,  indicating  that  the  chemical  state 
imposed  on  the  surface  Ga  and  As  atoms  by  the  struc¬ 
ture  of  the  ordered  surface  has  a  strong  influence  on 
the  surface  chemistry . 

Su  et  al.  [17]  have  performed  detailed  experimen¬ 
tal  work  involving  thermally  induced  changes  of  the 
oxygen  adsorption  site  on  this  surface  and  have  exam¬ 
ined  several  oxidation  models  based  on  their  data. 
The  interested  reader  is  referred  to  their  paper  (and 
included  references)  for  further  analysis  of  oxygen 
adsorption  on  GaAs(  1 1 0). 


4.  Results 

4.1.  Column  3  adatoms 

Adsorption  of  both  Al  and  Ga  on  GaAs(110) 
at  room  temperature  was  studied  by  PES  and  LEED. 
Only  a  brief  summary  of  the  data  will  be  given  here  - 
more  complete  descriptions  are  available  elsewhere 
[5,6,18,19]. 

Using  an  ultraviolet  source  (in  this  case,  hv  *  2 1  eV), 
detailed  examination  of  the  valence  states  of  the 
semiconductor  surface  and  the  overlayer  can  be 
made.  As  increasing  amounts  of  Ga  were  deposited  on 
the  surface,  beginning  with  an  average  coverage  (0) 
of  one-tenth  monolayer  (ML),  attenuation  of  the 
photoemission  EDC  structure  associated  with  the 
GaAs  surface  increased,  indicating  that  the  Ga  over¬ 
layer  was  fairly  uniform  in  thickness  (see  fig.  2).  The 
early  theoretical  studies  [20]  of  this  system  indi¬ 
cated  that  localized  bonding  of  Al  or  Ga  adatoms  to 
the  semiconductor  surface  lattice  would  produce  new 
structure  in  the  EDCs  together  with  large  changes  in 
the  surface  lattice  reconstruction.  The  absence  of 
new  peaks  in  the  EDC  as  a  function  of  coverage, 
together  with  a  lack  of  qualitative  change  in  the  peaks 
of  the  clean  surface,  suggests  that  the  bonding 
between  Ga  and  GaAs  is  not  of  a  localized,  covalent 
nature  and  that  the  electronic  states  of  the  GaAs  sur¬ 
face  lattice  are  not  strongly  perturbed  by  the  pres¬ 
ence  of  a  metallic  overlayer.  Similar  results  are  ob¬ 
tained  for  Al  overlayers  [5].  LEED  data  have  shown 
that  the  reconstruction  of  the  GaAs(110)  surface  is 
unaffected  by  the  presence  of  Al  (0.25  <  0  <  2  ML) 


Fig.  2.  UPS  spectra  showing  emission  from  the  valence  elec¬ 
trons  of  GaAs  +  Ga  adatoms  for  a  series  of  Ga  coverages.  The 
lack  of  new  structure  in  the  upper  valence  band  (—4  eV  to 
VBM)  indicates  that  a  localized -bonding  picture  is  not  appli¬ 
cable  here. 

deposited  at  room  temperature  [21].  Preliminary 
LEED  data  of  Ga  on  GaAs(l  10)  also  indicate  a  lack 
of  change  in  surface  reconstruction  [22].  Neither 
Al  [21]  nor  Ga[22]  overlayers  are  epitaxial  on 
GaAs(110)  at  room  temperature.  Al  reacts  with 
GaAs  to  form  AlAs  or  AlGaAs  below  the  surface  at 
elevated  temperatures  (450°C),  but  still  no  epitaxy 
of  the  metal  (Al/Ga)  overlayer  is  seen  (0.25  <0  < 
2  ML)  [21]. 

It  can  be  seen  from  the  UPS  data  that  the  photo¬ 
emission  electron  contribution  from  the  Ga  over- 
layer  is  relatively  weak  (see  fig.  2).  Difference  curves, 
which  eliminate  the  “background”  of  photoemission 
electrons  from  the  GaAs,  were  obtained  to  examine 
the  electronic  structure  of  the  overlayer  in  more 
detail  (see  fig.  3).  These  difference  spectra  are 
remarkably  similar  to  one  another  and  demonstrate 
that  the  overlayer  is  basically  metallic  or  free-electron 
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Fig.  3.  Difference  curves  obtained  by  subtraction  of  a  scaled 
dean-surface  UPS  spectrum  of  fig.  2  from  each  of  the  Ga- 
covered  UPS  spectra.  The  Ga  overiayer  is  apparently  free- 
electron-like  even  at  submonolayer  coverages.  The  strong- 
resemblance  between  the  difference  curves  for  thick  (10  ML) 
and  thin  (<1  ML)  coverages  also  demonstrates  the  lack  of 
change  in  the  GaAs  surface  states. 

like  even  at  submonolayer  coverages.  This  is  most 
likely  the  result  of  clustering  of  the  Ca  on  the  surface. 
A  more  detailed  analysis  has  shown  that  this  cluster¬ 
ing  is  mainly  two  dimensional  or  raft-like  in  nature 
15.6]. 

In  more  recent  theoretical  work,  Swarts  has 
pointed  out  that  column  3  adatoms  will  tend  to  bond 
weakly  to  the  surface  via  the  empty  p,  orbital  on  the 
surface  cations  (in  contrast  to  the  early  calculations), 
with  negligible  change  in  reconstruction  [23].  Using 
this  result,  Chelikowsky  has  calculated  a  surface  den¬ 
sity  of  states  for  this  system  which  shows  less  new 
electronic  structure  (and  hence  less  EDS  structure) 
than  the  early  calculations  [24] .  In  a  critical  review 
of  the  above  theories,  Zunger  has  rejected  the  idea  of 
covalent  or  localised  bonding  between  Al  or  Ga 
adatoms  and  GaAs(110)  in  favor  of  3-dimensional 
metal  cluster  formation  on  top  of  the  surface  [25], 


Although  3-dimensional  dusters  are  quite  likely  the 
equilibrium  state  of  the  Al  or  Ga  overlayer,  the  expe¬ 
rimental  data  give  strong  support  for  raft  formation 
(2-dimensional  cluster)  as  a  metastable  state  at  room 
temperature. 

4.2.  Column  5  adatoms 

Sb  was  used  as  a  representative  column  S  element. 
PES  and  LEED  data  of  Sb  adsorbed  on  GaAs  have 
shown  that  the  nature  of  the  Sb-GaAs  bond  is  fun¬ 
damentally  different  from  the  Ga-GaAs  or  Al-GaAs 
bond.  In  contrast  to  the  column  3  elements,  Sb  does 
produce  first-order  changes  in  the  valence-band  EDO 
structure  (see  fig.  4).  Comparing  the  “clean"  surface 
EDC  to  the  “Sb  covered"  EDC,  it  is  immediately 
clear  that  (a)  attenuation  of  the  peak  at  -6.7S  eV 
has  occurred,  and  (b)  the  “clean”  surface  peak  at 
-2  eV  has  been  removed. 'The  attenuation  of  the 
-6.75  eV  peak,  which  is  associated  mainly  with  bulk 
band  structure,  indicates  that  the  Sb  overlayer  is 
fairly  uniform  in  thickness,  as  with  Ga  and  Al.  The 
disappearance  of  the  -2  eV  peak  indicates  that, 


Fig.  4.  UPS  spectra  showing  emission  from  the  valence  elec¬ 
trons  of  GaAs  +  Sb  adatoms.  Note  the  change  in  upper 
valence  band  structure  (-2  eV)  which  is  particularly  clear  in 
the  difference  curve. 
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PRIMARY  ENERGY  (*V) 

Fit.  5-  LEED  spot  intensity  venus  prim  try  enerjy  data  fox 
Sb  on  GaAadlO).  The  surface  unit  cell  size  is  (1  X  1)  before 
and  after  Sb  deposition.  The  structure  in  these  data  “finger¬ 
print  "  the  arrangement  of  atoms  intide  the  surface  unit  ceil. 

unlike  Ga,  Sb  adsorption  has  a  strong  effect  on  the 
GaAs  states,  due  to  a  more  localized,  covalent  bonding 
between  the  Sb  adatoms  and  the  GaAs  surface  lattice 
[6].  LEED  data  show  that  the  translational  sym¬ 
metry  (1  X 1 )  of  the  surface  is  unchanged  by  Sb  depo¬ 
sition,  but  very  strong  changes  in  diffraction  beam 
intensity  versus  voltage  (l-V)  characteristics, 
together  with  a  low  background  intensity,  are  evi¬ 
dence  of  epitaxial  growth  of  Sb  on  the  surface  (see 
fig.  5).  Analysis  of  the  structure  of  the  Sb  overlayers 
is  given  elsewhere  (19] . 


S.  Discussion 

Deposited  column  3  atoms  (adatoms)  may,  at  first 
thought,  be  expected  to  bond  epitaxially  to  the  (110) 
surface  lattice  As  atoms  via  covalent  bonds,  as  though 
beginning  a  new  GaAs  lattice  layer.  The  data  reported 
here,  however,  show  that  the  A1  or  Ga  overlayer  on 
GaAs(l  10)  is  characterized  by  (a)  a  lack  of  epitaxy, 
(b)  nonlocalized,  nondireetional  bonding,  (c)  a  lack 
of  change  in  GaAs  surface  electronic  states  and 


atomic  structure,  and  (d)  a  strong  interaction 
between  adatoms  [5,6].  Thus  the  localized-orbital 
theoretical  approach  [20]  is  not  expected  to  give  an 
adequate  description  of  the  bonding  between  column 
3  metals  and  the  semiconductor. 

A  recent  localized-orbital  calculation  does  indicate 
that  the  localized-bond  strength  of  A1  on  GaAs(l  10) 
is  not  large  [23],  in  which  case  other  (delocalized) 
bonding  effects  may  dominate.  Although  it  is  quite 
dear  that  this  calculation  cannot  describe  the  column 
3-GaAs(110)  bonds  even  qualitatively,  it  is  instruc¬ 
tive  to  consider  the  results  of  this  calculation.  The 
column  3  elements  have  a  single  p  electron  (less 
binding  energy)  and  two  s  electrons  (more  tightly 
bound).  It  is  thus  anticipated  that,  in  situations  where 
a  single  (covalent)  bond  is  to  be  formed,  only  the  p 
states  will  be  involved.  Goddard  has  pointed  out  that 
bonding  of  column  3  elements  to  the  surface  As 
atoms  is  inconsistent  with  the  chemistry  of  the  recon¬ 
structed  (110)  surface  [23].  Bonding  may  occur  by 
the  column  3  adatom  donating  its  p  electron  into  a 
bond  orbital  involving  the  empty  p  state  on  the  sur¬ 
face  lattice  Ga  atom.  Their  quantum  chemical  calcu¬ 
lations  of  the  bond  strength  for  this  configuration 
predict  a  weak  bond  (0.6  eV).  Due  to  the  weak  direc¬ 
tional  bonding  expected  on  the  basis  of  theory,  it  is 
not  surprising  that  adatom-adatom  interactions  are 
of  first-order  importance  here,  and  that  a  delocalized 
character  may  dominate  in  the  interfacial  bonds. 

In  contrast  to  the  column  3  elements,  Sb  does 
form  an  ordered  overlayer.  This  has  immediate  impli¬ 
cations  for  crystal  growth  and,  in  particular  .molecu¬ 
lar  beam  epitaxy.  In  MBE,  the  above  results  suggest 
that  only  the  column  5  adatoms  (but  no  column  3 
atoms)  will  attach  themselves  epitaxially  to  the  GaAs 
surface  lattice.  Thus  the  column  3  adatoms  will  be 
stabilized  in  epitaxial  sites  only  when  those  sites  have 
a  sufficiently  large  number  of  neighboring  column  5 
atoms  to  favor  hybridization  (sp*  or  sp3)  of  the 
column  3  valence  orbitals. 

These  conclusions  are  also  expected  to  apply  to 
heteromolecule  formation  (e.g.  GaAsj,  Ga?  As,  etc.) 
on  the  surface  prior  to  the  incorporation  of  the 
adatoms  into  the  lattice.  Based  on  the  above  data, 
it  seems  safe  to  assume  that  the  availability  of  a  suf¬ 
ficient  number  of  p  electrons  on  the  adatom  or  mole¬ 
cule  U  necessary  for  directional,  covalent  bonding  to 
the  (110)  surface.  It  is  anticipated  that  the  column  3 


510 


P.  Skeath  et  el.  /  Bonding  of  column  3  end  S  elements  on  CcAs 


atoms  of  a  heteronuclear  molecule  will  have  its  p  elec* 
tron  (or  all  three  valence  electrons,  depending  on  the 
molecule)  taken  up  by  bond  orbitals  within  the  mole* 
cule,  while  the  column  5  atoms  of  the  molecule  may 
have  p  electrons  available  for  bonding  directionally  to 
the  semiconductor  lattice.  Thus  again  it  is  the  column 
S  element  which  is  primarily  responsible  for  establish* 
ing  order  in  the  overlayer  with  respect  to  the  surface 
lattice.  The  relatively  high  temperature  of  MBE 
('*600*0  is  believed  necessary  to  dissociate  both  Asa 
or  other  As  molecules  and  to  dissociate  heteronu¬ 
clear  molecules  which  cannot  otherwise  be  properly 
accommodated  in  the  lattice. 

In  summary,  we  have  determined  experimentally 
the  character  of  the  bonds  between  column  3  (non- 
directional)  or  column  5  (directional)  elements  and 
GaAs(110).  The  column  S  element  is  expected  to  ini¬ 
tiate  the  epitaxial  alignment  of  a  growing  layer  with 
the  crystalline  substrate. 
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ABSTRACT 

The  capabilities  of  synchrotron  radiation  are  briefly  reviewed 
with  an  emphasis  on  applications  to  photoenisslon  spectroscopy*  The 
physics  of  photoemission  is  also  briefly  reviewed  with  emphasis  on 
the  importance  of  the  escape  length  of  the  photo-executed  electron 
in  determining  the  depth  of  material  examined.  Most  of  the  text  is 
utilized  to  demonstrate  these  techniques  in  the  GaAs  (110)  -  oxygen 
system  and  CuNi  alloy  -  surface  segregation  studies.  The  relative 
importance  of  thermodynamic  equilibrium  and  activation  energies  are 
discussed. 


I.  INTRODUCTION 

I,  and  I  hope  others,  sense  an  excitement  in  this  meeting  over 
our  growing  ability  to  probe  down  to  an  atomic  level  i\  i-vestigsi 
phenomena  critical  to  the  understanding  of  ceramic  in. effaces.  These 
techniques  will  give  us  the  ability  to  test  the  conclusions  drawn 
from  the  established  macroscopic  methods,  to  choose  between  different 
models,  and  on  occasion  to  uncover  new  phenomena.  However,  it  must 
be  recognized  that  each  of  these  techniques  has  its  own  advantages 

*This  work  was  supported  by  the  Office  of  Naval  Research  under  Con¬ 
tract  No.  N00014-75-C-0289  and  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Defense  (monitored  by  ONR)  under  Con¬ 
tract  No.  N00014-79-C-0072.  The  experiments  were  performed  at  the 
Stanford  Synchrotron  Radiation  Laboratory  which  is  supported  by  the 
National  Science  Foundation  under  Grant  No.  DMR77-27489  in  coopera¬ 
tion  with  the  Stanford  Linear  Acceleration  Center  and  the  Depart¬ 
ment  of  Energy. 
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and  disadvantages*  Often  it  is  essential  to  use  them  in  concert. 
Above  all,  results  and  conclusions  drawn  from  them  must  be  tied  to 
the  existing  macroscopic  data. 


These  new  "atomic"  tools  are  expensive  and  increasingly  available 
only  as  national  facilities.  Work  tends  to  be  led  by  physiciscs  and 
chemists.  For  ceramics  and  related  fields  to  fully  profit  from  these 
developments,  it  is  essential  for  the  ceraoicists  to  take  an  increas¬ 
ingly  aggressive  stance  in  first  developing  more  collaborations  with 
those  using  these  facilities  and/or  ultimately  developing  their  own 
programs  making  use  of  these  capabilities.  The  NSF  has  structured 
national  facilities  such  as  the  Stanford  Synchrotron  Radiation  Lab¬ 
oratory  (SSRL)1  to  facilitate  such  developments.  In  addition,  NSF 
regional  facilities  such  as  the  West  Coast  Surface  Analysis  Labora¬ 
tory,  Montana  State  University,  Bozeman,  Montana, 2  are  being  built 
up  specifically  to  make  expensive  equipment  accessible  to  outside 
groups. 


In  this  paper,  1  will  concentrate  on  the  use  of  synchrotron 
radiation^*^.*  as  a  source  in  those  photoemission  experiments  which, 
in  my  judgement,  are  most  closely  aligned  to  ceramic  interfaces. 

Thus,  this  article  should  in  no  way  be  considered  a  survey  of  the 
capabilities  of  synchrotron  radiation  used  in  photoemission  experi¬ 
ments.  In  addition,  it  should  be  emphasized  that  synchrotron 
radiation  may  be  used  with  many  techniques^  other  than  photoemission, 
and  chat  these  techniques  may  also  be  of  use  in  ceramics.  These 
include  EXAFS  (extended  X-ray  absorption  fine  structure)^  studies 


to  determine,  in  a  unique  way,  local  configuration  about  a  given 
element  in  an  ordered  or  disordered  lattice.  There  are  other 
techniques  which  should  be  useful.  Most  importantly,  given  the 
special  capabilities  of  synchrotron  radiation,  ceramlcists  may  be 
able  to  devise  new  ways  of  using  it  which  will  give  unique  Insights. 


The  most  Important  characteristic  of  synchrotron  radiation  is 
that  it  provides  the  first,  and  a  very  intense,  continuum  of  elec¬ 
tron-magnetic  radiation  extending  from  the  Infrared  to  the  hard  X-ray 
region  (Fig.  1).^  For  most  scientific  studies,  one  wants  nonochro¬ 
meter  radiation.  Here  nature  is  kind;  the  synchrotron  radiation  is 
strongly  collimated  in  the  forward  direction, ^  making  it  possible  to 
monochromatize^  the  radiation  with  minimal  loss.  Another  important 
characteristic  of  the  radiation  is  its  natural  polarization,  although 
use  is  not  made  of  this  in  the  experiments  described  here. 


II.  FUNDAMENTALS  OF  THE  PHOTOEMISSION  PROCESS 

The  three-step  model3»^»6,7  is  an  approximate  description  of  the 
photoemission  process  which  has  proven  extremely  useful  and  has 
played  a  key  role  in  the  development  of  photoemission  as  a  scientific 
tool.  The  reason  for  the  success  of  this  model  has  been  its  simpllc- 
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Fig.  1  The  spectral  distribution  o£  the  synchrotron  radiation  from 
the  storage  ring  SPEAR  at  Stanford  University  for  various 
energies  of  stored  electron  beam.  The  beam  energy  is  indi¬ 
cated  on  each  curve* 


ity.  It  divides  the  photoemission  process  up  into  three  successive 
events,  each  of  which  can  be  studied  and  treated  simply  and  indepen¬ 
dently.  Thus  the  essential  parameters  for  each  step  can  be  deter¬ 
mined  and  then  applied  to  photoemission. 

The  three-step  process  is  an  approximation  in  that  it  treats  each 
step  as  being  independent.  Ideally,  they  should  be  coupled  and,  in 
the  extreme  limit  of  photoelectrons  originating  only  very  close  to 
the  surface,  the  three  processes  must  be  treated  as  simultaneous. 


Fig.  2  The  escape  depth  for  photoelectrons  from  GaAs. 


I 


5 4 


W.  E.  SPICER 


completely  coupled  events. In  feet,  experience  he*  shown  that  the 
three-step  model  is  very  useful  even  in  the  limit  of  short  escape 
depth. 


Both  theoretically  and  experimentally, 6» ^>9  it  has  been  shown 
that  the  probability  of  the  excited  electron  reaching  the  surface 
without  appreciable  energy  loss  is  given  by: 

Q(E)  -  e"*/L<E>  (1) 

where  L(E)  is  the  characteristic  scattering  probability  of  an  elec¬ 
tron  excited  to  a  final  energy  E.  The  escape  depth  versus  energy 
curve  for  GaAs  (corrected  for  geometry)  is  shown  in  Fig.  3.  L(E)  for 

other  materials  can  be  found  in  the  literature. 

'• 

Equation  (1)  gives  the  probability  of  escape  from  a  depth  x 
without  significant  energy  loss.  The  experimentally  measured  energy 
distribution,  N(E,hv)dE,  contains  not  only  the  electrons  which  escape 
without  appreciable  energy  loss  but  also  the  distribution  produced 
by  the  scattering  process,  S(E,hv)dE  (see  Fig.  3).  Thus, 


N(E,hv)dE  -  P(E,hv)d£  ,+  S(E,hv)dE. 


(2) 


To  first  order,  it  is  easy  to  separate  the  P(E,hv)  and  S(E,hv) 
in  experimental  data  since  P(E,hv)  usually  gives  strong  structure 
which  moves  to  higher  energy  as  hv  is  increased.  In  contrast,  S(E,hv) 
usually  varies  monotonically  with  energy  without  sharp  structure 
(except  for  plasoon  production). Normally,  the  distribution  of 
scattered  electrons  tends  to  build  up  and  peak  near  low  energies. 


Fig.  3  A  schematic  diagram  illustrating  the  three-step  photo- 

emission  process.  An  Initial  optically  excited  distribution 
is  shown  on  the  left.  Changes  in  this  distribution  as  it 
approaches  the  surface  (due  to  inelastic  scattering)  and 
after  it  has  escaped  into  the  vacuum  (due  to  the  potential 
barrier  at  the  surface)  are  Indicated. 
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This  is  shown  schematically  in  Fig.  3  for  excitation  from  the  valence 
bend.  Much  more  detail  of  the  scattering  processes  can  be  found  in 
the  literature. 7,11  Since  synchrotron  radiation  is  usually  used  for 
hv  >12  eV,  the  electron-electron  (including  plasson  creation)  scat¬ 
tering  event  usually  is  dominant  and  will  be  of  most  importance  for 
the  work  discussed  here. 


III.  BENEFITS  OF  SYNCHROTRON  RADIATION  WITH  PHOTOEMISSION 

There  are  at  least  four  primary  advantages  to  be  gained  by 
having  photon  energies  available  over  a  wide  energy  range. 

1)  Providing  the  ability  to  examine  core  as  well  as  valence 
states. 

2)  Being  able  to  take  maximum  advantage  of  the  photon  dependence 
of  the  matrix  elements  to  separate  and  identify  levels  which  are  de¬ 
generate  in  energy.  The  matrix  elements  for  transitions  from  differ¬ 
ent  quantum  states  may  have  quite  different  hv  dependencies.  This  is 
illustrated  by  Figs.  A  and  5.  In  these  figures  the  absorption  cross 
section  giving  the  probability  of  producing  a  photoelectron  with  the 
energy  characteristic  of  excitation  from  3d  (Fig.  4)  or  Ad  and  5d 
(Fig.  5)  core  levels  is  presented.  As  can  be  seen  from  Figs.  4  and 
5,  the  hv  dependence  of  the  3d  and  that  of  the  4  or  5d  cross  section 
are  quite  different.  An  example  of  the  use  of  hv  dependence  of 
matrix  elements  will  be  given  in  section  VI. 

3)  Tuning  the  photon  energy  of  e  given  transition  in  order  to 
obtain  the  minimum  escape  depth  (See  Fig.  2)  and  thus  maximize  sur¬ 
face  sensitivity,  or  .conversely  tuning  to  an  energy  where  the  escape 
depth  is  long  to  emphasize  the  bulk  rather  than  the  surface. 

4)  Tuning  hv  to  move  along  the  L(E)  curve  and  thus  probing  the 


Fig.  4  Photoionization  cross  section  versus  hv  for  exciting  an 
electron  from  a  3d  (Ca)  core  level. 
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Fig.  5  Fhotoioni ration  cross  section  versus  hv  tor  exciting  an 
electron  from  4d  and  5d  levels.  The  strong  minimum  at 
150  eV  is  due  to  the  Cooper  minimus. 

cooposition  of  the  sample  on  an  atomic  scale  as  a  function  of  depth 
into  the  sample. 

In  the  following  section,  we  will  Illustrate  these  aspects  of 
photoemission  using  synchrotron  radiation.  However,  it  should  be 
kept  in  mind  that  these  advantages  are  often  interrelated.  For 
example,  one  may  choose  a  particular  hv  to  study  adsorption  of  a  for¬ 
eign  gas  on  a  surface  in  order  to  get  the  proper  compromise  between 
minimum  escape  depth  and  maximum  matrix  element. 


IV.  GaAs  SUFTACE  AND  INTERFACE  STUDIES 


A.  Use  of  Short  Escape  Depths 

In  section  II,  we  introduced  the  concept  of  escape  depth  and 
in  Fig.  2,  indicated  how  escape  depth  varies  as  a  function  of  elec¬ 
tron  energy.  In  this  section,  we  will  ilustrate  how  the  ability  to 
tune  the  photon  energy  in  order  to  mlninize  the  escape  depth  can  give 
very  high  surface  sensitivity  for  core  as  well  as  valence  states. 

The  examples  will  be  taken  from  studies  of  GaAs,  which  was  one  of 
the  first  materials  for  which  these  techniques  were  applied. 

In  Fig.  2,  we  present  the  escape  depth  versus  electron  energy  as 
determined  for  CaAs.  As  can  be  seen,  the  escape  depth  goes  through  a 
shallow  minimum  at  about  60  eV.  The  minimum  falls  at  about  one  and  a 
half  molecular  layers;  thus,  roughly  half  the  emission  will  come  from 
the  first  molecular  layer  and  half  from  deeper  in  the  sample. 

Ue  will  examine  two  cases  of  the  use  of  the  surface  sensitivity 
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Fig.  6  The  3d  core  levels  of  Ge  and  As  In  GaAs  as  a  function  of 
exposure  to  oxygen  in  its  ground  state.  Note  the  strong 
(2.9  eV)  As  3d  shift  and  the  soall  broadening  of  the  Ga  3d 
levels.  This  data  is  interpreted  in  terms  of  chemisorption 
of  oxygen.  The  structure  at  about  6  eV  which  grows  with 
increasing  exposure  is  due  to  oxygen  2p  levels. 


given  by  a  short  escape  depth,  the  first  will  be  for  the  Ca  and  As 
3d  core  states  in  which  the  shifts  observed  in  these  due  to  adsorp¬ 
tion  of  oxygen  is  studied.  The  second  will  be  a  direct  examination 
of  the  oxygen  2p  states  on  the  GaAs  surface  valence  states.  We  will 
also  illustrate  matrix  element  effects  by  examining  oxygen  on  GaAs. 

In  Fig.  6,  we  present  spectra  taken  from  the  (110)  GaAs  face  at 
hv  *  100  eV  as  a  function  of  oxygen  exposure.  (The  exposure  is  indi¬ 
cated  in  terms  of  Langmuirs,  L,  on  each  curve.  1  L  ■  10”^  torr-sec.) 
An  atomically  clean  (110)  surface  was  obtained  by  cleaving  in  a 
vacuum  of  10**^  torr.  In  order  to  investigate  the  bonding  of  oxygen 
on  an  atomic  scale,  one  wishes  to  see  simultaneously  the  surface  core 
states  of  both  the  Ga  and  As  atoms,  hv  •  100  eV  was  chosen  because 
Che  kinetic  energy  of  the  photoexcited  As  3d  electrons  would  be  about 
60  eV  (which  places  it  at  the  minimum  of  the  escape  depth  curve); 
whereas  the  kinetic  energy  of  the  Ga  3d' a  is  about  80  eV  -  close  to 
the  escape  depth  minimum.  In  addition,  as  can  be  seen  from  Fig.  A, 
the  photoioniation  cross  section,  i.e.  excitation  probability  for 
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the  3d  peek,  is  reasonably  close  to  Its  maximum  value  for  each  of 
these  transitions.  Whereas  if  we  had  used  a  small  hv  (to  gat  shorter 

escape  depth  for  Ga  3d's),  the  As  3d  cross  section  would  have  been 

noticeably  decreased. 

The  benefit  of  examining  the  core  levels  at  the  surface  is  well 

illustrated  by  Fig.  6.  As  can  be  seen,  there  is  a  single  new  As  peak 

shifted  to  higher  binding  energy  which  grows  with  oxygen  exposure; 
whereas  no  shift  is  observed  in  the  Ga  peak.  In  Fig.  6,  at  approxi¬ 
mately  monolayer  coverage  (lO^L),  the  shifted  and  unshifted  As  peaks 
are  about  equal.  If  each  gas  atom  stuck  on  the  surface,  1  L  would 
give  approximately  a  monolayer.  This  shows  chat  about  half  of  the 
photoelectrons  are  coming  from  the  surface  As  atoms.  If  the  escape 
depth  had  been  longer  (as  for  example  with  hv  *  1.5  KeV  for  XFS)  it 
would  have  been  much  harder  to  see  the  chemical  shift  at  low  cover¬ 
ages,  e.g.  10&L,  since  a  much  smaller  fraction  of  the  electrons  would 
have  come  from  the  surface.  If  the  resolution  of  the  EDO's  was  poorer 
(as  in  XPS),  it  might  have  been  impossible  to  distinguish  the  As  3d 


The  chemical  shifts  after  heavy  oxidation  of  GsAs.  Note  the 
various  As  shifts  due  to  different  chemical  states  as  well  as 
Ga  shift  corresponding  to  Ca20j.  The  heavily  and  very  heavily 
oxidated  curves  were  obtained  using  excited  oxygen. 


Fig.  7 
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shift  for  this  "chemisorbed"  state  from  that  for  AS2O3  formation. 

The  dat 1  of  Fig.  6  gives  definitive  evidence  that  the  oxygen  re¬ 
moves  electrons  from  the  As  in  chemisorbing  on  the  surface  of  the 
GaAs,  since  an  As  peak  shift  of  2.9  eV  appears.  Based  on  the  chem¬ 
istry  of  elemental  As  and  Ga ,  it  had  been  expected  that  oxygen  would 
preferentially  remove  electrons  from  the  Ga  rather  than  the  As.  In 
fact,  as  Fig.  7  shows,  this  is  what  happens  when  one  passes  the  chem¬ 
isorption  stage  and  breaks  the  GaAs  covalent  bonds  in  order  to  form 
bulk  Ga  and  As  oxides. 

In  order  to  limit  the  oxygen  to  chemisorption  (Fig.  6)  great 
care  had  to  be  taken*4  that  there  was  no  excitation  of  the  oxygen. 

This  was  done  by  turning  or  valving  off  all  hoc  filaments,  ion  gauge 
or  other  possible  sources  of  excitation.  This  is  necessary  even  when 
the  source  of  excitation  is  well-removed  from  (and  well  out  of  line 
of  sight  of)  the  sample  under  study.  As  can  be  seen  from  Fig.  6, 
only  the  As  shift  of  2.9  eV  (which  we  associate  with  chemisorption) 
takes  place,  even  when  the  GaAs  is  exposed  to  an  atmosphere  of  pure, 
unexcited  oxygen  for  about  IS  minutes  (10*2  lj. 

In  contrast  (see  Fig.  7),  the  bulk  oxides  are  formed  by  orders 
of  magnitude  lower  exposure  (10^  L)  by  simply  turning  on  an  ion  gauge 
which  is  well  out  of  line  of  sight  of  the  GaAs,  i.e.  any  oxygen  ex¬ 
cited  by  the  ion  gauge  must  be  scattered  from  several  metal  surfaces 
before  it  can  reach  the  GaAs.  In  order  to  understand  this  behavior, 
it  is  important  to  realise  that  oxygen  has  a  very  long-lived  (15, 
min)  excited  state.  Thus,  even  if  oxygen  Ions  or  atoms  cannot  reach 
the  sample,  the  long-lived  oxygen  excited  states  almost  certainly  can. 

We  can  understand  the  behavior  illustrated  by  Figs.  6  and  7  on 
the  basis  of  the  atomic  and  electronic  rearrangement  of  the  GaAs 
(110)  surface.  Knowledge  of  this  has  been  developed  in  recent  years*^ 
through  a  combination  of  photoemission,  LEED,  and  theoretical  studies 
-  details  are  given  elsewhere.  This  knowledge  is  summarized  schemat¬ 
ically  in  Fig.  8.  Figure  8  gives  a  schematic  indication  of  our  un¬ 
derstanding  of  the  GaAs  (110)  free  (clean)  surface.  Although  careful 
measurements  and  calculations  have  been  made  systematically  only  on 
GaAs  (110),  it  is  likely  chat  the  surface  rearrangement  Is  similar 
for  other  3-5  compounds,  and  so  is  the  effect  of  rearrangement  on  the 
the  surface  electronic  structure  for  3-5  materials  (at  least  those 
with  band  gaps  no  greater  chan  GaAs).  Of  critical  importance  is 
the  rearrangement  of  the  surface  atoms.  This  is  intimately  connected 
with  and  In  a  certain  sense  driven  by  the  electronic  resrrange- 
ment.*^**'**®'*®  When  one  covslent  bond  of  each  of  the  surface  atoms 
is  broken  to  form  the  surface,  the  surface  atoms  tend  toward  their 
atomic  configuration  consistent  with  retention  of  the  covalent 
bonds  with  each  of  their  three  remaining  nearest  neighbors.  Thus, 
five  electrons  will  be  associated  with  the  surface  As  and  three 
with  the  surface  Ga.  It  is  this  surface  electronic  rearrangement 
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Fig.  8  Schematic  of  Che  surface  electronic  and  lattice  structure  of 
(110)  GaAs.  Other  3-5  compounds  are  thought  to  be  similar. 
Note  the  strong  rearrangement  of  the  surface  atoms  and  that 
there  are  no  intrinsic  surface  states  in  the  band  gap.  Thus, 
there  can  be  no  intrinsic  surface  state  pinning  of  the  Fermi 
level.  Note  also  ,that  the  nonbonding  electrons  are  asso¬ 
ciated  principally  with  the  As  surface  atoms,  whereas  the 
empty  surface  states  are  predominately  associated  with  the 
Ga  surface  atoms. 


which  determines  the  final  positions  and  bond  configurations  of 
the  surface  atoms  to  achieve  the  lowest  energy  state  consistent  with 
minimizing  the  bond  and  strain  energies.  The  strain,  which  is 
large,  is  due  to  the  lattice  mismatch  between  the  rearranged  surface 
and  the  bulk  lattice  atoms. 

As  a  result  of  the  surface  electronic  rearrangement,  the  surface 
As  and  Ga  atoms,  respectively,  move  toward  p2s2  and  sp2  configura¬ 
tions.  In  these  configurations,  there  are  five  and  three  valence 
electrons  associated  with  the  surface  As  and  Ga  atoms,  just  as  in  the 
case  of  the  free  atoms.  Thus,  the  Ga  surface  atom  is  constrained  to 
move  toward  a  sp2  planar  configuration  because  it  must  use  all  of  its 
available  electrons  to  form  covalent  bonds  with  its  three  remaining 
nearest  neighbors.  In  contrast,  the  As  surface  atom  needs  only  three 
of  its  five  valence  electrons  to  form  covalent  bonds  with  its  three 
nearest  neighbors.  As  Harrison2®  and  others  have  shown,  the  lowest 
As  bond  energy  is  obtained  by  this  electron  taking  up  a  s2p3  arrange¬ 
ment  with  the  three  p  electrons  forming  the  bonds  and  s  electrons 
forming  filled  s2  orbitals.  As  a  result  of  the  As  bonding  electrons 
moving  toward  a  p2  configuration  and  the  Ga  toward  sp2,  the  As  moves 
outward  by  about  0.5  A  and  the  Ga  inward  by  about  0.3  A  .  Low  energy 
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electron  diffraction  (LEED)  work  *  ’  *  has  played  the  essential 

role  in  establishing  the  rearrangement  of  the  surface  atoms.  Mark 
et  al  concluded  from  their  LEED  studies  that  the  lattice  distortions 
extend  three  molecule  levels  below  the  surface. 23  The  filled  "sur¬ 
face  states"  are  associated  principally  with  the  As  atoms  and  the 
empty  states  largely  with  the  Ga  atoms  (see  Fig.  8). 

Even  more  important.  Independent  confirmation  for  this  model  is 
found  through  the  results  of  photoemission2  ’  *  and  contact  po¬ 

tential29' 30,31  measurements,  followed  by  theoretical  calculations32 
of  the  electron  structure.  As  can  be  seen,  a  striking  feature  of 
Fig.  8  is  the  lack  of  surface  states  in  the  band  gap  region.  After 
much  confusion  due  to  the  extrinsic  surface  states  (l.e.  states  due 
to  defects  or  impurities)  and  Intrinsic  surface  states  (l.e.  states 
characteristic  of  the  perfect  rearranged  surface),  it  was  established 
through  careful  photoemission2^*22  measurements  that  there  were  no 
surface  states  in  the  band  gap  in  agreement  with  the  original  work  of 
van  Laar  and  Scheer29  and  van  Laar  and  Huijser ,31»32 

Examination  of  Fig.  8  leads  to  an  understanding  of  the  oxygen 
detachment  data  of  Figs.  6  and  7.  First  recognize  that  there  is  an 
activation  barrier  to  overcome  in  order  to  break  the  surface  GaAs 
covalent  bonds  in  order  to  form  bulk  oxides.  With  oxygen  in  the 
molecular  ground  state  and  the  sample  at  room  temperature  (as  was 
the  case  for  the  experiments  of  Fig.  6)  the  data  of  Fig.  6  indicates 
that  this  activation  barrier  cannot  be  overcome.  Thus  the  major 
chemical  shift  is  found  on  the  As  (2.9  eV)  since  only  As  s2  electrons 
can  be  transferred  to  oxygen  without  breaking  Ga-As  bonds. 12 .14 
However,  this  is  an  Improbable  event; thus,  the  sticking  coefficient 
is  very  small  (order  10”10) .  It  is  about  0.1  for  a  metal.  Since 
only  a  single  monolayer  of  oxygen  can  be  accommodated  without  break¬ 
ing  Ga-As  bonds,  the  oxygen  adsorption  "saturates"  at  that  coverage.14* 

Fig.  7  shows  that  with  excited  oxygen,  the  GaAs  bonds  can  be 
broken  and  bulk  As  and  Ga  oxides  formed.  For  Ga,  only  Ga^O,  is 
formed.  With  As,  A$20^  or  (AsGa^O^  is  first  formed,  then  As.O^  ,, 
which  (being  volatile)  leaves  the  surface  -  reducing  the  As  signal. 

As  oxides  are  thermodynamically  unstable  in  the  presence  of 
GaAs.  For  example, 

ASjOj  +  2GaAs  — — GajOj  +  4As  (2) 

As  a  result,  elemental  As  begins  to  appear  after  "very  heavy  oxida¬ 
tion."  The  systematics  of  such  oxygen  chemistry  have  been  studied 
for  GaSb,  GaAs,  and  In?  and  found  to  proceed  as  would  be  expected  in 
terms  of  the  heat  of  formation  of  the  compound  semiconductor. 35 

Making  use  of  such  studies  (combined  with  photoemission  meas¬ 
urements  of  the  surface  position  of  the  Fermi  level)  as  either  oxygen 
or  metal  is  added  to  an  atomically  clean  surface,  a  unified  model  has 
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Fig.  9  Photoenission  spectra  taken  at  a  photon  energy  of  123  eV  for 
G*Sb  (110)  exposed  to  different  amounts  of  Au.  Note  the  pre¬ 
ferential  movement  of  Sb  to  the  surface. 


been  established  for  the  formation  of  metal-semiconductor  electrical 
contacts  (Schottky  barriers)  and  metal -oxide  interface  states. 36,37 
This  is  based  on  the  formation  of  Identical  defect  levels  due  to  the 
deposition  of  metals  or  oxygen. 

One  Important  result  which  led  to  the  unified  model  was  the  unex¬ 
pected  discovery  that,  even  at  room  or  lower  temperature,  semiconduc¬ 
tor  material  is  Included  in  the  metal.  Fig.  9  shows  an  example  of  the 
core  level  results  which  established  this. 36, 37,38  electron  ener¬ 
gies  for  the  Sb  and  Ga  d-levels  are  near  the  escape  minimum  (about 
two  atomic  layers);  thus  we  are  sensing  the  outer  few  layers.  For  Au, 
it  is  comparable  or  a  little  less,  l.e.  about  5  A  .39,40  Thus  we  are 
sampling  only  about  two  or  three  atomic  layers  into  the  Au. 

The  striking  characteristic  of  Fig.  9  is  rb«t  the  Ga  3d  peak 
drops  relatively  rapidly  with  Au  coverage,  whereas  there  is  only  a 
slight  drop  in  the  Sb  peak  even  after  over  100  monolayers  of  Au  have 
been  deposited.  The  conclusion  is  inescapable:  Sb  is  being  removed 
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from  che  interface  and  placed  on  the  surface  of  che  Au  film.  The 
fact  that  the  Ca  peak  height  is  reduced  by  only  a  factor  of  1/4  after 
13  monolayers  have  been  deposited  indicates  that  some  Ga  is  included 
in  the  Au,  although  there  is  not  a  heavy  concentration  near  the  sur¬ 
face  as  is  the  case  for  Sb*  In  fact,  with  an  Au  film  of  thickness 
greater  than  about  100  layers,  no  Ga  can  be  detected  within  the  es¬ 
cape  depth,  whereas  the  Sb  intensity  is  diminished  by  less  than  a 
factor  of  two.  These  results  have  been  confined  by  Sputter  Auger 
oeasureaents . ’ ' 1 3®  the  intermixing  has  since  been  established  for  a 
large  number  of  semiconductor-metal  systemt*'*38  -  even  when  it  is 
not  favored  by  the  bulk  phase  diagrams.  It  has  been  suggested  chat 
the  activation  energy  necessary  to  place  an  occasional  metal  atom  in 
the  metal  is  supplied  by  the  heat  of  adsorption  of  the  raetal3b»37,38 
on  the  semiconductor.  Fig.  10  Indicates  the  suggested  mechanism. 
Detailed  discussions  can  be  found  elsewhere. 3b» ■*'» 
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Fig.  10  Schematic  diagram  of  suggested  defect  mechanism  due  to  depo¬ 
sition  of  metal  atoms  on  clean  111-V  surfaces.  This  process 
(i.e*  a  defect  must  be  formed)  need  occur  only  about  once 
for  every  hundred  atoms  striking  the  surface  in  order  to 
explain  the  Fermi  level  pinning. 
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Fig.  11  EDC's  of  a  clean  p-GaAs  (110)  surface  (cop  curve)  and  the 

same  surface  exposed  to  106  L  oxygen  (center  curve)  taken  at 
a  photon  energy  of  30  eV.  The  bottom  curve  is  their  differ¬ 
ence.  As  can  be  seen  the  oxygen  spectra  dominates,  although 
only  about  12  of  a  monolayer  of  oxygen  is  present. 


B.  Matrix  Element  Effects 

In  the  last  section  some  use  of  matrix  element  effects  were 
evident.  Here,  for  emphasis  we  will  give  other  examples.  In  Fig.  11, 
we  show  data  for  oxygen  adsorbed  on  GaAs.**  The  matrix  element  for 
excitation  from  the  valence  band  is  reduced  by  several  orders  of  mag¬ 
nitude  by  going  to  hv  ■  30  eV;  however,  the  oxygen  2p  matrix  elements 
are  little  affected.  Thus  12  of  a  monolayer  of  oxygen  can  be  clearly 
separated  from  the  GaAs  valence  band  even  though  the  density  of 
oxygen  electrons  available  for  photoenission  are  about  200  tines  less 
than  the  number  of  GaAs  electrons.  This  technique  has  been  used  for 
the  following  systems:  oxygen*^  and  C0*^  on  Pt,~  22  Cu  alloyed  in 
Pt,**  and  palladium  silicldes*^  (to  separate  the  Pd  d-electrons  from 
the  Si  p  and  s  electrons). 


IV.  USE  OF  SYNCHROTRON  RADIATION  TO  OBTAIN  "DEPTH  PROFILES" 

In  recent  years,  Auger  and  photoemission  measurements  have  been 
used  to  study  the  surface  segregation  in  alloys  and  other  systems. 
For  example,  in  a  CuNi  alloy  with  902  Ni  bulk  composition,  the  sur- 
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INITIAL  STATE  ENERGY  (eV) 


Fig.  12  Photoemission  energy  distribution  curves  from  hv  »  40-240  eV 
for  Cu/Ni  (110).  The  bulk  atomic  composition  was  90Z  Ni , 

10Z  Cu.  The  surface  composition  measured  by  AES  was  65Z  Cu, 
35Z  Ni. 


face  composition  (as  determined  by  Auger  analysis)  in  "equiibrium"  is 
65Z  Cu:  35Z  Ni.4^  Methods  have  been  devised  to  vary  the  surface  com¬ 
position  between  "equilibrium"  and  the  bulk  composition.*^  However, 
a  critical  consideration  is  the  charge  in  composition  perpendicular 
to  the  surface.  Making  use  of  the  tunability  of  the  escape  length  in 
photoemission,  this  can  be  probed. 

In  Fig.  12  we  present  energy  distribution  curves  (EDO's)  for  an 
"equilibrium"  sample  with  surface  composition  65Z  Cu;  35Z  Ni. *7  It 
had  previously  been  established  that  the  peak  from  the  initial  energy 
state  at  -1  eV  (labeled  "A")  is  due  to  Ni  valence  d-states  and  that 
the  peak  labeled  "B"  is  due  to  Cu  valence  d-states.  The  EDC's  in 
Fig.  12  are  centered  around  the  escape  length  minimum  of  about  4 
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Fig.  13  Plot  of  r  (ratio  .of  Cu  to  Ni  emission  intensities)  versus 
hv  (photon  energy)  for  Cu/Ni  (110).  The  dots  are  for  the 
Cu/Ni  I  surface;  65Z  Cu,  35X  Ni  surface  composition.  The 
crosses  are  for  the  Cu/Ni  II  surface,  -blX  Ni , -352  Cu. 


at  100  eV.  The  oscillations  of  strength  of  peaks  A  and  B  therefore 
indicate  the  change  of  composition  with  depth. 

In  Fig.  13  the  ratio,  r,  of  Cu  to  Ni  emission  intensity  is  plot¬ 
ted  versus  photon  energy  hv.  Since  the  electrons  are  coming  from  the 
valence  states  hv  is  within  a  few  eV  of  the  electron  energy.  As  can 
be  seen  from  Figs.  12  and  13,  the  Cu  content  does  not  decrease  mono- 
atomically  with  depth.  Rather,  it  goes  through  at  oscillation  with 
a  peak  at  approximately  160  eV. 

Precise  analysis  of  the  data  is  hindered  because  of  the  uncer¬ 
tainty  in  L(E).  However,  within  those  limitations,  it  is  clear  that 
there  must  be  a  Cu  enriched  region  3  or  4  layers  thick  to  produce  the 
oscillation  in  Fig.  13.  It  should  be  emphasized  that  the  occurrence 
of  the  oscillation  has  been  confirmed  by  field  emission  field  atom 
using  stripping  techniques. 

A  tentative  explanation  for  these  Cu-Nl  results  can  be  made. 

Ni  and  Cu  are  not  miscible  at  sufficiently  low  temperatures  (350  - 
500*C);  however,  this  is  usually  not  important  because  the  diffusion 
coefficient  becomes  very  low  before  the  miscibility  gap  is  reached. 
Thus,  the  oscillation  observed  here  can  be  due  to  the  atomic  Juop 
probability  near  the  surface  being  large  enough  to  build  up  the  al- 
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ternacing  Ni  and  Cu  rich  layera  of  a  few  atoms  in  thickness  at  the 
surface* 


V.  COMMENTS  ON  THERMODYNAMIC  EQUILIBRIUM  AND  INTERFACES 

It  should  be  recognized  that  in  all  of  the  Interfaces  discussed 
here  we  have  not  been  working  under  conditions  of  strict  thermodynam- 
ic  equilibrium.  In  fact,  this  departure  from  equilibrium  is  probably 
one  property  which  characterizes  most  interfaces.  In  fact,  one  of 
the  best  characterized  interfaces  (to  which  a  complete  session  of 
these  proceedings  is  devoted)  is  Si:Si02»  This  is  clearly  only 
stable  because  the  oxygen  of  the  atmosphere  is  not  able  to  penetrate 
the  S102  at  room  temperature  to  continue  oxidation.  Only  under  these 
conditions  can  the  Si:Si02  interface  be  thought  of  as  being  in  ther¬ 
modynamic  equilibrium.  However,  we  would  suggest  that  it  is  more 
useful  to  think  in  terms  of  activation  energies  rather  than  thermo¬ 
dynamic  equilibrium.  Thus,  we  would  say  that  the  S1:S102  Interfaces 
here  are  stable  because  the  activation  energy  for  bringing  oxygen 
through  the  S102  to  the  interface  is  too  large  for  this  to  be  an  im¬ 
portant  process  near  room  temperatures. 

The  Cu-Nl  surface  and  near-surface  oscillations  mentioned  in 
the  last  section  are  clearly  non-equilibrium.  Here  the  activation 
energy  for  movement  of  Ni  and  Cu  atoms  to  take  up  positions  of  mini¬ 
mal  energy  is  the  limiting  quantity. 

In  the  case  of  the  GaAs  (110),  it  was  the  activation  energy  to 
break  the  Ga-As  bonds  which  limited  the  uptake  of  oxygen  for  the  un¬ 
excited  molecular  state  (at  room  temperature)  to  the  chemisorbed 
stage.  However,  this  could  be  overcome  by  exciting  the  oxygen  with 
an  ion  gauge  and  the  interface  could  move  toward  equilibrium,  as 
shown  in  Fig.  7 
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ABSTRACT 


The  interaction  of  oxygen  with  solid  surfaces  has  been  studied  uith 
angle-integrated  photoelectron  spectroscopic  techniques  using  synchro¬ 
tron  radiation  as  light  source.  The  systems  studied  include  0/Si(111), 
0/GaAs(110),  O/Cs,  and  oxygen  adsorption  on  cesiated  GaAsCUO)  surfaces. 
The  results  from  these  studies  are  applied  to  characterizing  and  under¬ 
standing  the  (Cs,0)  activated  surfaces  of  GaAs  negative  electron  affin¬ 
ity  (NEA)  photocathodes. 

Room  temperature  adsorption  of  oxygen  on  2x1  and  7x7  reconstructed 
Si(lll)  surfaces  is  shown  by  core  level  shift  and  sticking  coeficients 
to  proceed  differently,  indicating  strongly  different  nature  of  the  two 
reconstructions  and  supporting  the  defect  type  models  for  the  7x7  recon¬ 
struction.  The  bonding  configuration  of  oxygen  on  the  Si (111)  2x1  sur¬ 
face  is  studied  by  examining  the  effects  of  annealing  on  the  shifts  in 
Si-2p.  Possible  chemisorption  configurations  are  discussed  in  terms  of 
the  new  information  gained  and  many  possibilities  are  eliminated. 

In  the  study  of  room  temperature  adsorption  of  oxygen  on  cleaved 
GaAsCUO)  surfaces,  particular  effort  has  been  given  to  obtain  the 
proper  photoemission  spectrum  that  represents  the  density  of  valence 
states  (OOVS)  of  the  oxygen  bonded  to  GaAsCUO).  Simple  theoretical 
interpretation,  substantiated  with  comparison  made  between  the  OOVS  of 
0/GaAs(110)  and  the  experimental  OOVS'  of  GajOj  and  AsjOj,  of  the  OOVS 
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of  0/GaAs(110)  has  led  to  the  proposal  of  a  new  adsorption  model  involv¬ 
ing  both  nonbridging  oxygen  (As=0)  and  bridging  oxygen  (Ga-O-As). 
Another  form  of  oxygen  which  saturates  at  relatively  low  oxygen  which 
adsorbs  at  defect  sites  of  the  GaAs(llO)  in  the  form  of  Ga-O-Ga  units 
was  also  observed.  The  role  of  oxygen  adsorption  at  defect  sites  in  the 
initial  steps  of  adsorption,  particularly  the  dissociation  of  oxygen 
molecules,  is  discussed.  Such  disscussion  is  further  substantiated  by 
detailed  studies  of  the  oxygen  adsorption  on  sputter-disordered 
GaAs(IIO)  surfaces. 

In  the  studies  of  the  oxidation  of  Cs,  four  differnt  states  of  oxygen 
were  observed.  Definitive  identification  of  three  of  the  four  oxygen 
states  has  been  achieved  by  considering  both  the  energy  separations  and 
the  absolute  binding  energies  of  the  multiplets  originated  from  photo- 
ionizing  the  0-2p  subshell.  The  oxygen  species  identified  are  O'2,  02*2 
and  02  * , 

In  studying  the  interaction  of  (Cs,0)  with  GaAs(IIO)  surfaces,  the 
bonding  of  oxygen  to  GaAs  is  found  to  be  drastically  enhanced  O10£u7 
times)  by  the  presence  of  one  monolayer  of  Cs.  On  a  monol ayer-Cs- 
covered  GaAs  surface,  no  oxygen  can  be  incorporated  into  the  Cs  layer 
before  a  significant  amount  of  oxygen  species  is  bonded  to  GaAs  and 
only  one  oxygen  species  is  found  to  incorporate  into  the  Cs  layer:  in 
particular.  O'1,  the  species  contained  in  cesium  suboxides  and  Cs20,  is 
not  formed  over  the  wide  range  of  oxygen  exposure  studied  (0.5  -  HOO 
l).  With  two  to  three  monolayers  of  Cs  present  on  the  GaAs  surface,  tne 
oxidation  property  of  the  Cs  atoms  becomes  similar  to  that  of  bulk  Cs 


such  that  all  four  oxygen  species  encountered  in  the  oxidation  of  bulk 
Cs  are  formed;  even  at  this  stage  the  competition  of  the  GaAs  substrate 
for  oxygen  is  not  negligible. 

p-GaAs(IIQ)  surfaces  activated  with  (Cs,0)  to  NEA  condition  have  also 
been  studied.  A  typical  activated  GaAs  surface  is  found  to  consist  of  a 
layer  of  oxygen  bonded  to  GaAs  and  a  (Cs+>0*2)  layer.  A  GaAs-O-Cs 
dipole  plus  the  polarization  of  a  Cs+-0‘2-Cs+  sandwich  layer  is  proposed 
to  explain  the  NEA  condition.  The  identification  of  the  O-GaAs  bonding 
layer  explains  the  better  yield  achieved  by  the  two-step  activation 
process  compared  to  that  achieved  by  a  single  yo-yo  process.  Possible 
optimization  of  the  activation  process  by  forming  the  O-GaAs  layer  and 
the  ( Cs* >  0* 2 )  layer  is  also  discussed.  Adsorption  of  OH  from  the  resi¬ 
dual  gas  in  an  ultrahigh  vacuum  chamber  is  identified  as  one  degradation 


mechanism  of  the 


GaAs  photocathodes. 
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Chapter  I 


INTRODUCTION 

Oxides  are  abundant  in  nature  and  are  important  material  for  many 
technological  applications.  The  process  of  oxidation  is  therefore 
interesting  and  important  to  study.  This  especially  true  for  modern  day 
technology  where  the  use  of  oxides  very  often  requires  precise  control 
of  the  oxidation  process.  The  first  step  of  an  oxidation  process  is  the 
interaction  of  oxygen  uith  the  surface  of  a  solid.  Our  aim  is  to  obtain 
understanding  of  such  interaction  on  the  atomic  scale.  Ua  therefore 
pursue  to  study  the  adsorption  of  oxygen  on  well  characterized  solid 
surfaces  under  ultrahigh  vacuum  conditions.  Such  adsorption  phenomena, 
however,  encompass  an  enormously  large  branch  of  surface  science  which 
is  certainly  beyond  the  appropriate  scope  for  a  dissertation  research. 
Particular  choices  of  subjects  of  study  are  therefore  necessary  .  Some 
perspective  views  of  the  subjects  studied  and  the  organization  of  this 
dissertation  are  given  below,  more  specific  reasons  for  studying  each 
subject  will  be  found  in  the  Introduction  section  of  the  chapter  cover¬ 
ing  that  subject. 

The  adsorption  systems  studied  can  be  roughly  divided  into  two  areas 
according  to  the  two  types  of  devices  they  are  related  to.  One  area 
currently  of  strong  practical  interest  due  to  the  importance  of  MOS 
devices  is  the  understanding  of  oxide-semiconductor  interfaces.  For 
this  area  we  have  chosen  to  study  oxygen  adsorption  on  the  surfaces  of 
two  technologically  important  semiconductors.  Si  and  GaAs .  These  oxygen 
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adsorption  studies  are  relavent  for  understanding  of  oxide-semiconductor 
interfaces  not  only  because  critical  information  can  be  gained  about  the 
oxidation  processes,  as  mentioned  above,  but  also  because  the  bonding  of 
oxygen  to  semiconductor  surface  in  the  chemisorption  stage  simulates  the 
oxygen-semiconductor  bonding  environment  at  oxide-semiconductor  inter¬ 
faces.  For  example,  at  the  Si-SiOi  interface  we  have  to  consider  oxygen 
atoms  bonded  to  Si  atoms  uhich  are  bonded  to  other  Si  atoms,  i.e.,  in 
considering  the  Si-0  bonding  at  the  interface  we  have  to  take  into 
account  the  constraints  of  the  Si  lattice.  Such  constraints  of  the  sub¬ 
strate  lattice  are  also  present  in  the  chemisorption  of  oxygen  on  sem- 
ionductor  surfaces. 

The  Si(lll)  surface  and  the  GaAs(IIO)  surface  also  form  a  interesting 
case  of  comparison  in  studying  the  oxygen  adsorption  process:  Si  is 
covalent  whereas  GaAs  is  ionic;  Si(lll)  transforms  from  a  2x1  surface 
reconstruction  to  a  7x7  reconstruction  when  it  is  heated,  whereas  GaAs 
has  only  one  surface  structure  at  all  temperature  below  the  dissociation 
point.  How  these  different  properties  between  the  SiClIl)  surfaces  and 
the  GaAs(llO)  surface  influence  the  oxygen  adsorption  properties  of  the 
two  semiconductor  surfaces  will  be  seen  in  Chapter  II  (for  Si(IIU)  and 
Chapter  III  (for  GaAsdIO)). 

Another  area  of  studies  is  related  to  the  negative  electron  affinity 
(NEA)  GaAs  photocathodes.  The  HEA  condition  is  achieved  by  treating 
GaAs  surfaces  with  Cs  and  oxygen.  Clear  understanding  of  the  mechanism 
of  achieving  HEA  conditions,  however,  has  been  lacking.  Since  the  suc¬ 
cessful  operation  of  a  photocathode  depends  on  the  escape  of  photoelec- 

-  2  - 


irons  through  the  surface,  it  can  be  condsidered  as  a  "surface  device" 


uhich  naturally  brings  in  a  few  interesting  surface  science  problems. 
To  attack  this  problem  from  a  fundamental  point  of  view,  ue  have  studied 
the  oxidation  of  bulk  Cs  uhich  will  be  presented  in  chapter  IV,  and  the 
■adsorption  of  Cs  and  oxygen  on  GaAsdlO)  surfaces  uhich  will  be  pres¬ 
ented  in  chapter  V.  These  tuo  studies,  together  uith  the  study  of  oxy¬ 
gen  adsorption  on  GaAs(IIO)  in  chapter  III,  provide  a  solid  basis  for 
studying  GaAsdlO)  surfaces  activated  uith  a  less-uell  defined  "yo-yo" 
process,  uhich  ue  uill  discuss  in  chapter  V. 


| 
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The  study  of  the  oxidation  of  Cs  is  also  of  fundamental  interest  on 
its  oun.  The  large  ionicity  difference  between  oxygen  and  Cs  allows  the 
opportunity  to  examine  the  elecrtronic  structure  of  a  series  of  oxygen 
species  (O'1,  02_i,  O2',  etc.)  uith  photoemission.  The  interaction  of 
oxygen  with  Cs  also  forms  sharp  contrast  uith  the  adsorption  processes 
on  semiconductor  surfaces.  The  study  of  co-adsorption  of  Cs  and  oxygen 
on  GaAsdlO)  surfaces  brings  tuo  extreme  types  of  adsorption  together. 
As  ue  will  see  in  Chapter  V,  the  oxygen  adsorption  process  on  GaAs  sui — 
faces  is  drastically  modified  by  the  presence  of  a  monolayer  of  Cs.  The 
oxidation  property  of  a  monolayer  Cs  is  also  altered  by  the  presence  of 
the  strongly  localized  oxygen-GaAs  bonding.  Such  co-adsorption  studies 
thus  shed  light  on  both  the  adsorption  of  oxygen  on  GaAs  and  the  oxida¬ 
tion  of  Cs.  The  fundamental  understanding  of  the  0/GaAs,  the  O/Cs  and 
the  co-adsorption  of  Cs  and  oxygen  on  GaAsdlO)  finally  lead  to  a  neu 
model  of  the  (Cs,0)  activated  GaAs  surfaces  in  Chapter  VI. 
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Chapter  II 


INTERACTION  OF  OXYGEN  WITH  SK111)  SURFACES 

2. 1  INTRODUCTION 

In  this  chapter  ue  Mill  report  nek  experimental  results  of  the  inter¬ 
action  of  oxygen  with  the  (111)  surfaces  of  Si.  In  particular,  the  dif¬ 
ference  between  the  2x1  and  the  7x7  reconstructions  will  be  considered. 
Implications  to  both  the  understanding  of  the  clean  surfaces  (section  3) 
and  the  oxygen  adsorption  properties  (section  4)  will  be  discussed. 

2.2  aeaiHLitm 

Experimenrs  are  performed  in  a  standard  stanless  ateel  ultra  high  vacuum 
chamber  with  base  pressure  about  S-ExlO*1’  torr.  The  samples  studied 
were  single  crystals  of  n-type  Si  (As  doped,  N  ~10,#  cm*3).  These  crys¬ 
tals  Mere  cut  into  bars  oriented  in  the  Mill  direction,  kith  a  cross 
section  of  5x5  mm.  The  2x1  surfaces  were  prepared  by  cleaving  in  situ, 
and  the  7x7  surfaces  were  prepared  by  thermal  conversion  of  cleaved  sur¬ 
faces  (530°  C**560°C,  for  >20  min.).  Sharp  7x7  LEED  patterns  were 
observed  after  such  treatment.  Heating  of  the  samples  was  achieved  by 
either  passing  a  current  through  the  sample  or  by  using  a  well  outgased 
and  enclosed  filament  behind  the  samples. 

Oxygen  exposures  were  made  by  leaking  oxygen  gas  (research  grade, 
obtained  in  glass  flasks)  through  a  bakable  leak  valve  (Varian  Associ¬ 
ates).  Sizes  of  exposures  are  measured  in  Langmuirs  (L)  where  1  1=  10'* 
torr-sec.  To  avoid  complications  arised  from  dependence  of  the  oxygen 
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adsorption  process,  as  reported  by  Garner  et  at  MO),  the  louest  oxygen 
pressure  used  uas  10-6  torr.  Care  had  been  taken  to  avoid  any  source  of 
excited  oxygen.  The  gauges  used  include  a  Redhead  coldcathode  gauge 
(maximum  pressure  10*5  torr)  and  a  Varian  cold  cathode  gauge  (Model  860, 
10'7  torr  <  p  <10‘*  torr). 

The  photoemission  experiments  were  performed  on  the  4  degree  line  at 
the  Stanford  Synchrotron  Radiation  Laboratory  (SSRL).  Some  experiments 
were  performed  with  a  600  lines/mm  grating  in  the  mnochromator  and  some 
with  a  1200  lines/mm  grating.  Photoelectron  energy  analyses  were  per¬ 
formed  using  a  double  pass  cylindrical  mirror  analyzer  (Physical  Elec¬ 
tronics)  and  pulse  counting  techniques.  The  combined  analyzer-monochro¬ 
mator  energy  resolution  is  set  at  "0.35  eV  for  obtaining  Si-2p  level 
spectra.  (This  uas  measured  by  the  FWHM  of  Au-4f7/7  line.),  and  at  -0.4 
eV  for  obtaining  the  valance  band  region  spectra  (as  measured  by  the  Au 
Fermi  edge  ).  A  Mg-Ka  X-ray  source  is  used  to  measure  the  0-1s  level. 
The  combined  resolution  in  this  case  is  about  1.3  eV  as  measured  by  the 
FWHM  of  the  Au-4f7/z  line.  The  photoemission  measurements  are  listed  in 
table  1. 
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TABLE  1 

Summary 

of  Measurements 

Measurements 

Information  Gained 

valence  structure 
at  hv  =  130  eV 

1.  energy  positions  of  the 

0-2p  levels 

2.  amount  of  oxygen 

Si-2p  core  level 
at  hv  =  130  eV 

1.  oxygen  induced  chemical 
shifts 

2.  number  of  Si  atoms  bonded 
to  oxygen 

0-  Is 

at  hv  =  1253  eV 

1.  amount  of  oxygen 

2.  binding  energy  of  0-1s 

2.3  THE  NATURE  OF  THE  7X7  RECONSTRUCTION 

2.3.1  Introduction 

Surface  reconstructions  are  important  phenomena  observed  on  covalent 
semiconductor  surfaces.  When  a  surface  is  created  by  terminating  the  bulk 
structure  of  a  covalent  solid*  a  large  number  of  unsatisfied  bonds  are 
present  on  the  surface.  The  surface  therefore  has  a  tendency  to  adjust 
itself  in  order  to  lower  the  total  energy  of  the  system.  Thus,  under¬ 
standing  of  how  the  surface  reconstruct  is  an  important  step  in  advanc¬ 
ing  our  knowledge  of  covalent  bonds  in  semiconductors  in  general. 

It  is  well  known  that  (111)  surface  of  Si  exhibits  a  2x1  structure 
after  cleaving  at  room  temperature,  and  transforms  to  a  7x7  structure 
after  annealing  at  elevated  temperature  ()200°C).  As  schematically 
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depicted  in  fig.  1,  the  generally  accepted  description  of  the  2x1 
reconstruction  is  that  rous  of  surface  atoms  are  alternately  raised  and 
lowered  {11.  While  various  models  for  the  2x1  surface  differ  only  quan¬ 
titatively  in  the  structural  parameters  describing  the  "buckling",  two 
qualitatively  distinct  groups  of  models  have  been  proposed:  the  "ueak 
perturbation"  121  and  the  "defect"  1 3 1  models.  Although  we  realize  the 
use  of  "weak  perturbation"  and  "defect"  here  may  raise  objections,  we 
hope  that  the  conceptual  contrast  between  the  two  groups  of  models  are 
well  brought  out.  As  are  also  illustrated  in  fig.  1,  the  first  group  of 
models  decribe  the  tendency  of  the  surface  to  reconstruct  within  the 
constraints  of  the  crystal  structure,  so  the  final  structure  is  obtained 
by  applying  a  "perturbation"  to  the  smooth  plane.  The  second  group 
decribes  the  tendency  of  the  surface  to  break  away  from  the  constraints 
of  the  crystal  structure  through  "defect  creation"  in  the  smooth  plane. 

Clearly,  experimental  inputs  are  required  to  distinguish  the  two 
rivary  theories  of  surface  reconstruction.  In  the  past,  gas  adsorption 
experiments  involving  hydrogen  [4J  and  chlorine  (51  have  provided  a  sim¬ 
ple  test  to  distinguish  the  two  types  of  models.  There  the  relative 
stability  of  the  7x7  structure  (as  compared  with  the  2x1  structure) 
against  hydrogen  Ml  and  chlorine  {51  adsorption  strongly  supports  the 
"defect"  type  models.  Employing  gas  adsorption  experiments  to  distin¬ 
guish  reconstruction  models  is  a  particularly  viable  approach  here 
because  the  2x1  structure  can  be  taken  as  a  "known  reference"  for  the 
"weak  perturbation"  type  7x7  surfaces  in  considering  the  adsorption 
behavior.  In  the  present  case,  we  have  adopted  the  same  general 
approach  with  oxygen  as  the  particular  adsorbate.  The  advantage  of 
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Figure  Is  The  surface  reconstructions  of  the  (111)  surface  of  Si • 

viewed  along  a  I112J  direction.  Buckling  of  alternate  rous 
of  surface  atoms  is  the  generally  accepted  description  of  the 
2x1  reconstruction  (top).  The  two  competing  types  of  models 
for  the  7x7  structure  are  constrasted  by  their  relations  to  a 
smooth  plane.  Specific  models  in  the  "defect"  group 
mentioned  in  Ref.  3  are  depicted  in  the  bottom  schematics. 


using  oxygen  is  that  Si-0  bonding  is  known  to  induce  large  chemical 
shifts  in  the  Si  core  levels,  which,  in  turn,  may  facilitate  more  defi¬ 


nite  comparison  between  the  adsorption  properties  of  the  2x1  and  7x7 
surfaces. 

2.3.2  BjgaulJa.  iPri-Bigaasalan 

We  will  compare  the  2x1  and  the  7x7  surface  at  the  saturation  point 
of  the  fast  chemisorption  stage.  This  point  represents  the  completion 
of  the  interaction  of  oxygen  with  surface,  and  hence  is  useful  in 
revealing  the  surface  structure.  Our  long  experience  with  the  cleaved 
surfaces  has  shown  that  the  2x1  surface  can  be  saturated  with  -103L  oxy¬ 
gen  exposure.  This  has  found  close  agreement  with  the  recent  systematics 
studies  of  Kasupke  and  Henzler  (61,  which  have  also  clarified  the  early 
finding  [7]  of  a  large  variation  of  oxygen  sticking  coefficient  on  the 
2x1  surfaces.  The  saturation  point  for  the  7x7  structure  was  not  as  well 
established  in  the  literature.  Hence  we  show  in  fig.  2  a  set  of  spectra 
of  a  7x7  surface  subjected  to  increasing  oxygen  exposures.  Both  the 
0-1s  and  the  Si-2p  clearly  established  that  the  saturation  exposure  is 
equal  to  or  less  than  100  L.  Thus  the  7x7  surface  is  at  least  10  times 
more  reactive  to  oxygen  than  the  2x1  surface.  This  difference  between 
the  2x1  and  the  7x7  surfaces  favors  the  "defect"  models  to  some  extent, 
because  we  do  not  expect  such  a  large  difference  in  chemical  reactivity 
if  the  two  structures  are  very  similar. 

Fig.  3  gives  the  valence  band  region  spectra  of  a  7x7  (curve  a)  and  a 
2x1  (curve  b)  surface  saturated  with  oxygen.  Curve  c  is  the  spectrum  of 
a  2x1  surface  (curve  b)  oxidized  at  room  temperature  and  then  annealed 
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Figure  2:  Si-2p  spectra  of  a  Si(lll)  7x7  surface  subjected  to  a 

sequence  of  oxygen  exposures  at  room  temperature.  The  inset 
displays  the  corresponding  0-1s  spectra.  Saturation  of 
oxygen  adsorption  is  seen  to  take  place  at  or  belcu  100  L 
exposure . 
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at  350*0  for  10  min..  A  spectrum  of  the  clean  surface  is  also  shown  to 
indicate  that  the  peak  at  -  3  eV  binding  energy  (BE)  is  due  to  the  Si 
substrate  emission.  The  peak  at  7.3  eV  BE  is  the  oxygen  nonbonding 
orbital.  Me  observe  the  following:  (i)  The  amount  of  oxygen  on  the  two 
surfaces  are  about  equal,  as  measured  by  the  relative  peak  height  of  the 
7.3  eV  BE  peak  and  the  3  eV  BE  peak,  (ii)  The  valence  band  region  spec¬ 
tra  do  not  reveal  significant  difference  between  the  two  surfaces.  This 
is  consistent  with  the  early  UPS  result  [8,91.  The  lack  of  difference  in 
valence  band  spectra,  however,  does  no  imply  same  oxidation  state  for 
the  2x1  and  the  7x7  surfaces,  as  was  concluded  in  early  UPS  work  [81. 
On  the  contrary,  the  oxidation  states  on  the  two  surfaces  are  distinctly 
different  as  found  in  the  Si-2p  spectra  (fig.  4,  to  be  discussed  below). 

Fig.  A  shows  the  Si-2p  core  level  spectra  of  the  corresponding  sur¬ 
faces  of  fig.  3.  A  spectrum  of  the  corresponding  clean  surface  (dashed) 
is  also  included  in  each  case  for  reference.  In  fig.  4a  we  see  the  pres¬ 
ence  of  several  chemical  shifts  on  the  7x7  surface,  with  the  highest 
value  of  shift  being  3.4  eV.  This  suggests  the  existence  of  strongly 
inequivalent  groups  of  surface  atoms  in  the  clean  7x7  structure.  In  the 
models  within  the  "defect"  group  we  can  easily  identify  such  distinctly 
inequivalent  groups,  hence  this  finding  is  taken  as  strongly  supporting 
the  "defect"  type  model.  This  finding  is  against  the  "weak  perturba¬ 
tion"  model,  because  in  a  structure  close  to  the  smooth  plane  no  such 
inequivalent  groups  of  atoms  can  be  unambiguously  identified;  in  partic¬ 
ular,  we  cannot  identify  a  special  group  of  Si  atoms  that  can  easily 
achieve,  at  room  temperature,  high  oxygen  coordination  number,  which  is 
required  by  the  presence  of  the  3.4  eV  shift.  The  above  conclusions  can 
find  further  support  from  comparison  with  the  2x1  surface  (  which  we 
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Figure  3:  Valence  band  region  spectra  of  three  different  oxygen-covered 
surfaces,  (a)  A  Si C 1 1 1 )  7x7  surface  exposed  to  100  L  oxygen 
at  room  temperature,  (b)  A  SiCIII)  2x1  surface  exposed  to 
1000  L  oxygen  at  room  temperature,  (c)  The  surface  of  (b) 
annealed  at  350°C  for  -10  min..  The  bottom  curve  is  the 
spectrum  of  a  clean  surface. 
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have  taken  as  the  knoun  reference  for  the  "weak  perturbation"  model). 
Fig.  4b  shows  that  the  chemical  shift  developed  on  the  2x1  surface  after 
room  temperature  oxygen  adsorption  is  small  (0.9-1. 4  eV).  Even  after 
annealing  this  2x1  surface  to  an  elevated  temperature,  the  chemical 
shift  (1.8-2. 5  eV,  fig  4c)  is  still  distinctly  smaller  than  what  is 
expected  for  Si02  (3.8  eV  MOD.  The  transformation  of  chemical  shifts 
in  fig.  4b  to  those  in  fig.  4c  is  rather  intriguing  for  understanding 
the  oxidation  of  the  2x1  surface  per  se,  and  this  will  be  discussed  in 
the  next  section.  The  important  conclusion  to  draw  here  is  the 
integrety  of  the  2x1  surface  against  oxygen  attack  at  room  temperature. 
A  similar  integrety  should  be  found  on  the  7x7  surface  if  it  were  simi¬ 
lar  to  the  2x1  surface  with  nearly  identical  vertical  displacements  of 
the  surface  atoms  iChadi,  reference  21. 

Another  difference  between  the  2x1  and  the  7x7  surfaces  is  the  number 
of  Si  atoms  bonded  to  oxygen.  These  numbers  can  be  obtained  by  measur¬ 
ing  the  intensity  of  the  chemically  shifted  components  and  by  using  a 
reasonable  value  of  the  photoelectron  escape  depth.  The  percent  of 
shifted  Si-2p  is  about  -23 3  for  the  2x1  surface  both  before  and  after 
annealing,  and  is  about  353  for  the  7x7  surface.  If  we  assume  that  on 
the  2x1  surface  there  are  one  monolayer  of  Si  atoms  bonded  to  oxygen,  an 
escape  depth  of  6.5  A  is  obtained  [11).  On  the  other  hand,  unusual 
escape  depth  of  2.5  A  and  12  A  are  obtained,  respectively,  for  assuming 
i  and  li  monolayer  of  Si  bonded  to  oxygen.  Thus  it  is  reasonable  to 
postulate  that  only  the  top  surface  monolayer  of  Si  atoms  are  bonded  to 
oxygen  for  2x1  surface  saturated  with  oxygen.  In  constrast  to  the  case 
of  the  2x1  surface,  the  same  postulate  leads  to  -1.6  monolayer  of  Si 
bonded  to  oxygen  for  the  7x7  surface.  This  number  of  -1.6  monolayer 
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Figure  4:  Si-2p  spectra  of  corresponding  surfaces  in  fig.  3.  The 
spectrum  of  the  clean  surface  of  each  case  is  shown  by  the  dashed  curve 


unambiguously  suggests  that  oxygen  has  moved  beneath  the  top  layer  of 
the  7x7  structure.  This  is  another  evidence  strongly  supporting  the 


"defect"  model  for  the  7x7  structure.  In  general,  models  uithin  the 
"defect"  group  offer  an  open  structure  in  which  oxygen  atoms  can  easily 
be  incorporated  into  the  second  layer.  In  particular,  oxygen  atoms  can 
access  the  second  layer  atoms  through  vancancies  in  Lander's  vacancy 
model,  or  oxygen  can  attack  the  relatively  exposed  backbonds  in  the  ada¬ 
tom  structure  of  either  Harrison's  adatom  model  or  the  Milk-Stool  model. 
These  ideas  are  schematically  illustrated  in  fig.  5.  Again,  the  "weak 
perturbation"  model  is  disfavored  because  no  special  passage  for  oxygen 
to  reach  the  second  layer  can  be  found  in  this  type  structure. 
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2.4  POSSIBLE  OXYGEN  CHEMISORPTION  CONFIGURATIONS  ON  THE  SI ( 1  1 1 )  2X1 
SURFACE 

2.4.1  Introduct i on 

The  initial  stage  of  oxygen  adsorption  at  room  temperature  (RT)  on 
the  Si(111)  surface  has  been  a  controversial  question  over  the  past  tuo 
decades! 7, 10, 12-18] .  One  position  shared  by  these  past  discussions  is 
the  lack  of  distinguishing  between  the  2x1  and  7x7  surfaces.  This  has 
been  invalidated  by  the  findings  in  section  3»  where  distinctly  differen 
oxygen-induced  chemical  shifts  in  the  Si-2p  are  found  on  the  tuo  sur¬ 
faces.  The  discussion  here  will  be  concentrated  on  the  2x1  surface.  More 
work  are  required  to  understand  the  oxygen  adsorption  on  the  7x7  sur¬ 
face. 

Ue  report  elevated-temperature  annealing  effects  on  the  room-tempera- 
ture(RT)  chemisorption  phase.  By  examining  the  specific  way  the  RT 
adsorption  phase  transforms  under  heat-treatment,  ue  have  obtained  new 
information  concerning  the  possible  Si-0  bonding  configurations  for  RT 
adsorption  on  the  2x1  surface.  Although  no  definitive  answer  can  be 
offered  by  the  present  study,  ue  hope  to  show  the  importance  of  the 
annealing  experiments. 

2.4.2  Results  and  discussion 

Fig  1  gives  the  energy  distribution  curve  (EDC)  of  the  Si-2p  core 
level  of  a  2x1  surface  before  (dashed)  and  after  (dotted)  exposure  to 
10001  oxygen,  and  their  difference  (bottom).  The  oxygen  coverage  is  near 
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saturation  of  the  fast-chemisorption  process  (101.  This  surface  was  then 
annealed  at  350#C  for  10  minutes,  and  the  resultant  spectrum  is  shown  by 
the  dotted  curve  in  fig  2.  The  spectrum  of  the  clean  surface  is  also 
plotted  in  fig  2  (dashed)  for  reference;  the  difference  betueen  the  two 
EDCs  in  fig  2  is  shoun  at  the  bottom. 

The  difference  curve  in  fig.l  indicates  more  than  one  chemical 
shift.  Two  pieces  of  structure  are  marked  uith  arrows:  one  with  AE  = 0.9 
eV  and  the  other  uith  A£=1.4  eV  (191.  The  existence  of  a  0.9  eV  or 
smaller  shift  is  also  confirmed  by  its  disappearance  after  annealing,  as 
seen  by  comparing  fig.  6  and  fig.  7.  The  1.4  eV  shift  is  also  absent 
after  annealing. A  broad  peak  shifted  by  -2  eV  is  now  apparant.  The  1.8 
eV  FWHM  of  the  difference  curve  in  fig.  7  is  still  suggestive  of  more 
than  one  chemically  shifted  component,  although  the  components  are  more 
closely  spaced  in  energy.  The  range  of  possible  shifts  is  from  AE=1.8  eV 
to  AE=  2.5  eV.  The  strength  of  the  shifted  peaks  is  -23/C  of  the  total 
Si-2p  intensity  both  before  and  after  annealing.  Hence  the  number  of 
chemically  affected  Si  atoms  remains  unchanged  (within  oxperimetal 
error)  after  annealing.  The  number  of  oxygen  atoms  is  also  conserved 
after  annealing,  as  measured  by  the  0-2p  and  0-2s  intensities. 

Interpretation  of  chemical  shifts  of  the  Si-2p  core  level  of  silicon 
oxides  is  complicated  and  a  controversial  matter  (21J.  Me  will  not  rely 
heavily  on  absolute  values  of  chemical  shift  for  identifying  bonding 
configurations,  but  will  use  the  relative  magnitude  of  the  chemical 
shifts  to  complement  other  results.  Ab  initio  calculations  of  chemical 
shifts  of  a  limited  number  of  chemisorption  configurations  became  avail- 


18  - 


BINDING  ENERGY  (eV) 


Figure  6s  Spectra  of  the  Si-2p  level  of  o  SiCIII)  2x1  surface  before 
and  after  exposure  to  1000  l  oxygen,  and  their  difference. 
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Figure  7:  The  Si-2p  spectrum  of  the  surface  in  fig.  7  after  anneal  in  at 
3508C  for  10  minutes  and  tfi e  spectrum  of  the  clean  surface 
(dashed),  and  their  difference  (the  lower  panel). 
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able  only  very  recently  [201.  These  available  values  are  entered  in 
table  2.  For  other  bonding  configurations  in  table  2,  estimates  are 
made  based  on  ligands  of  chemical  shifts  [101  and  a  shift  of  2.8  eV  for 
SiOj  120).  The  2.8  eV  shift  for  SiOz  is  calculated  in  the  same  way  the 
chemical  shifts  for  configurations  II  and  VI  are  calculated.  It  is  more 
appropriate  for  a  S i Oh  unit  in  a  Si  matrix  than  for  bulk  Si02.  This  cal¬ 
culated  value  is  used,  rather  than  the  normally  quoted  value  of  3.8  eV 
(10,211,  to  provide  a  consistent  scale  for  comparing  the  relative  magni¬ 
tude  of  chemical  shifts  of  various  chemisorption  configurations.  Cau¬ 
tion  must  be  exercised  when  attempting  to  directly  compare  the  experi¬ 
mentally  measured  chemical  shifts  with  the  calculated  shifts  listed  in 
table  2.  Although  ue  feel  that  the  chemical  shift  for  the  Si0>,  unit  is 
more  appropriate  than  that  of  bulk  SiOz  in  applying  the  ligand  shifts  to 
other  surface  chemisorption  configurations,  the  reliability  of  such  a 
calculation  has  not  been  tested. 

Instead  of  trying  to  identify  the  RT  and  after-annealing  chemisorp¬ 
tion  configurations  individually,  we  u ill  first  select  possible  pairs  of 
configurations  that  can  properly  account  for  the  before-  and  at »er-an- 
nealing  transformation  properties  observed.  The  requirements  for  a 
proper  pair  of  before-  and  after-annealing  configurations  are  listed 
belou.  A  number  of  examples  applying  these  conditions  are  given  in  the 
Appendix . 

i)  The  annealing  transforms  a  bonding  config.  with  lower  heat  of 
ft-mation  to  one  with  higher  heat  of  formation.  (This  is  not 
the  result  of  photoemission  measurements,  but  is  expected  based 
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TABLE  2 


Heats  of  formation,  chemical  shifts  in  Si-2p  and  the  number  of  affected 
Si  atomsof  various  Si-0  bonding  configurations 


No. 


Bonding  Configurations 


Heat  of  Calculated  Number  of 

Formation  Chemical  Si  atoms 

(eV/mole  O2)  Shift  affected  per 
(eV)  adsorbed  0 


Experimental  Before  Annealing 

Results  After  Annealing 

I  © 

I.  — Si-~^  ^-Si— 
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0.6b 


0.9, 1.4 
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3.82c  0.9 
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VII. 


—Si^  Si — 

VIII.  /l\  /  2\ 

0.  Si 

,/  A 

2 
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IX.  j  1  2 

• — Si  .0 - Si— 

/  \  /  \ 
Si 
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0. 

X.  —  s! - 0.  /Si— 

/  I  \ 

2/  \ 


5.0d 


5.86c 


6.3 


>6.3 


0.7  2.0 


1.  1.49  1.5 

2.  0.9 


1.  1.1  1.5 

2.  0.7 


1.  1.89  1.0 

2.  0.7 


XI. 
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— 5i 


^Si 

/\ 


/ 


Si 


XII.  Si02 


6.9C  1.1  2.2  1.0 


9.1  2.8b  0.5 


a.  Reference  [6].  b.  Reference  [11].  c.  Reference  [4] 

d.  Estimate  based  on  Si-0  bond  energy  (in  quartz)*4.8eV,  (0«0)  dis¬ 
sociation  energy*2.5eV  and  Si-Si  bond  energy»2.0eV. 

e.  The  extra  charge  on  the  oxygen  molecule  makes  the  oxygen  atom 
bonded  to  Si  less  electronegative  than  the  corresponding  oxygen 
atom  in  configuration  I,  hence  a  smaller  shift  is  expected. 

f.  The  upper  limit  is  assigned  for  reason  similar  to  that  stated 
in  5. 

g.  Notice  that  there  are  two  inequivalent  Si  atoms  in  this  configur¬ 
ation.  They  are  numbered  1  and  2  in  the  configuration  representa¬ 
tion. 
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on  thermodynamical  considerations.)  Heats  of  formation  of  vari¬ 
ous  bonding  configurations  are  included  in  table  2,  and  bonding 
configs.  in  table  1  are  arranged  with  ascending  stability 
(heats  of  formation)  from  the  beginning  to  the  end  of  the 
table. 

ii)  The  after  annealing  config.  has  a  higher  value  chemical  shift 
in  Si-2p  level . 

iii)  The  number  of  chemically  affected  Si  atoms  is  the  same  for  both 
configs.  in  the  pair,  uith  a  conservation  of  the  number  of  oxy¬ 
gen  atoms  before  and  after  annealing.  The  absolute  number  of 
Si  atoms  chemically  affected  by  oxygen  adsorption,  both  before 
and  after  annealing,  is  one  monolayer  (see  discussions  in  sec¬ 
tion  3). 

Other  possible  pairs  having  the  double-bond  configuration  (config. 
XI)  as  the  end  product  of  annealing  are  not  included.  A  stable  silicon- 
oxygen  double  bond  is  only  knoun  to  occur  in  gas  phase  SiO  (221.  It  is 
doubtful  if  stable  silicon-oxygen  double  bonds  can  be  formed  uhere  tuo 
Si-Si  backbonds  are  retained. 

Applying  the  above  conditions,  ue  are  left  uith  the  following  possi¬ 
ble  pairs;  (The  Roman  numerals  indicated  under  each  configuration  rep¬ 
resentation  are  the  corresponding  configuration  numbers  given  in  table 
2) 
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No  definitive  choice  of  the  above  possible  pairs  can  be  offered  in 
this  paper.  Below,  we  will  discuss  some  interesting  features  of  these 
pairs  and  the  uncertainties  associated  with  the  present  results.  Me 
hope  to  illustrate  the  usefulness  of  annealing  studies  in  advancing  our 
knowledge  of  the  oxygen  adsorption  processes. 

In  pair  (3)  above,  a  mixture  of  peroxide  bridge  (config.  Ill)  and 
chemisorbed  0  atoms  (config.  VI)  is  assigned  as  the  possible  RT  chemi¬ 
sorption  phase,  because  neither  config.  alone  produces  the  different 
chemical  shifts  observed.  The  peroxide  bridge  is  expected  to  be  symme¬ 
tric  because  the  distortion  energy  changes  quadratical ly  with  bond 
angles.  The  peroxide  bridge  is  also  highly  strained  (strain  energy  50 
kcal/mole  (HI)  so  that  the  activation  barrier  separating  it  from  the 
config.  of  chemisorbed  atoms  is  expected  to  be  low.  The  population  of 
each  of  the  two  configs..  if  they  exist,  may  therefore  be  comparable. 
The  chemical  shifts  expected  for  these  two  configurations  (table  2)  are 
not  inconsistent  with  the  observed  values. 

Both  (I)  and  (2)  have  the  peroxy-2wi tter ion  (config.  I)  as  the  ini¬ 
tial  RT  chemisorption  configuration.  Since  the  0-0  bond  in  the  peroxy- 
zuitterion  is  weak  due  to  the  presence  of  the  extra  charge,  the  effect 
of  annealing  can  be  pictured  as  causing  release  of  one  oxygen  atom  from 
the  peroxy.  In  (1)  the  released  oxygen  atom  bonds  to  another  surface 
atom,  whereas  in  (2)  the  released  oxygen  aton  attacks  one  backbonds  and 
occupies  a  bridge-bonding  position.  The  end  product  of  transformation 
(5)  (config.  X)  is  more  stable  than  the  end  product  of  transformation 
(1)  (config.  VI).  The  question  is  whether  the  activation  barrier  for 


26  - 


transformation  (2)  is  lou  enough  so  it  can  occur  instead  of  (1).  Me 
notice  that  the  backbonds  to  the  Si  atom  chemisorbed  with  oxygen  atom 
may  be  considerably  weakened  by  the  Si-0  bonding  and  are  thus  more  expo¬ 
sed  to  attack.  The  released  oxygen  atom  may  also  be  energetic  enough 
[231  to  break  one  backbond.  Transformation  (2)  thus  appears  to  be  more 
favorable  than  transformation  (1)  in  describing  our  experimental 
results.  The  possibility  of  having  a  mixture  of  transformations  (1)  and 
(2)  certainly  cannot  be  ruled  out.  Me  call  attention  to  the  arbitrari¬ 
ness  of  the  annealing  condition.  By  no  means  do  we  expect  a  single 
bonding  configuration  to  result  from  this  annealing  condition.  Me  also 
recognize  that  more  than  one  backbond  to  the  same  surface  Si  atom  may  be 
broken 
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so  that  islands  of  high-oxygen  coordinated  SiO*  units  start  to  grow. 
This  brings  the  value  of  the  chemical  shift  closer  to  that  which  is 
observed  after  annealing  than  (5).  Another  difference  between  (1)  and 
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(2)  is  that  in  (2)  a  singly  occupied  dangling  bond  is  left  unsatisfied 
after  annealing.  Such  a  dangling  bond  has  been  found  by  Pointdexer  [241 


to  be  stable  at  the  Si/SiOjinterf ace.  It  is  interesting  to  notice  the 
similarity  between  these  tuo  cases:  when  a  deficiency  of  oxygen  (for 
forming  SiOj)  exists,  more  bridge-bonding  oxygen  is  formed  at  the  price 
of  leaving  more  dangling  bonds  on  Si. 

An  interesting  speculation  may  be  made  about  the  role  of  the  2x1 
reconstruction  in  relation  to  having  the  peroxy  zwitterion  as  the  ini¬ 
tial  RT  chemisorption  configuration.  On  a  2x1  reconstructed  surface, 
there  is.  roughly  speaking,  a  doubly  occupied  orbital  localized  on  the 
raised  surface  atom,  and  there  is  an  empty  orbital  on  the  lowered  atom. 
Since  the  formation  of  silicon-oxygen-molecule  bonding  requires  the 
presence  of  a  singly  occupied  Si  orbital,  the  extra  electron  in  the  dou¬ 
bly  occupied  Si  orbital  has  to  be  removed  before  bonding  to  adsorbed 
oxygen  molecules.  This  electron  can  be  either  promoted  into  the  empty 
dangling  orbital  or  transferred  to  the  lx,  orbital  of  oxygen.  A  smaller 
energy  barrier  probably  is  encountered  initially  in  transferring  the 
electron  to  oxygen,  because  the  orbital  of  oxygen  initially  lies 
below  the  Si  dangling  orbital  in  energy,  and  the  formation  of  02*  is 
exothermic  by  0.43  eV  1251.  It  is  thus  possible  to  form  the  peroxy-zwit- 
terion,  if  that  electron  remains  on  the  oxygen  molecule  during  the  bond¬ 
ing  process.  1.7  eV,  however,  can  be  gained  by  transferring  the  elec¬ 
tron  to  the  empty  Si  orbital  and  forming  the  peroxy  radical 
configuration.  The  question  is  then  if  an  activation  barrier  exists  to 
stablize  the  peroxy-zwi tter ion.  Theoritical  investigation  of  this  ques¬ 
tion  may  be  important. 
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It  should  be  emphasized  at  this  point  that  the  above  selection  of 
possible  pairs  uas  done  uithout  appealing  to  the  specifics  of  the 
annealing  condition.  The  conditions  of  annealing  uere  chosen  rather 
arbitrarily.  The  particular  approach  used  here  is  to  exploit  the  spe¬ 
cific  properties  relating  the  before-  and  after-annealing  configura¬ 
tions.  An  attractive  choice  for  the  RT  chemisorption  configuration  and 
an  attractive  choice  for  the  after  annealing  configuration,  based  on  the 
measured  results  of  a  single  configuration  alone,  may  not  be  consistent 
with  conditions  (i)  and  (ii)  stated  above. 

Me  also  recognize  that  the  above  selection  of  possible  pairs  has 
assumed  high  accuracy  in  the  measurement  of  the  numbers  of  chemically 
affected  Si  atoms  (condition  iii  above).  If  that  condition  is  relaxed 
to  some  extent,  a  mixture  of  chemisorbed  oxygen  atoms  and  peroxy  radi¬ 
cals  becomes  one  attractive  choice  for  the  RT  chemisorption  configura¬ 
tion,  because  a  good  match  is  found  in  the  values  of  chemical  shifts: 
the  1.1  eV  shift  expected  for  the  chemisorbed  atom  (config.  VI,  table  2) 
corresponds  to  the  measured  0.9  eV  shift,  and  the  1.5  eV  shift  of  the 
peroxy  radical  (config.  II,  table  2)  corresponds  to  the  measured  1.4  eV 
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shift.  Annealing  causes  the  transformation 
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uhich  gives  an  increase  in  the  number  of  chemically  affected  Si  atoms 
after  annealing.  The  higher  the  number  of  peroxy  radicals  adsorbed  at 
RT.  the  larger  is  the  deviation  of  (5)  from  condition  (iii)  stated 
above,  and  hence  uill  be  less  favored  by  the  present  result.  Adsorption 
of  the  peroxy  radical  at  RT  also  has  difficulty  to  meet  simultaneously 
the  fol  lotting  two  observations:  (a)  one  monolayer  of  Si  atoms  are 
affected  by  oxygen  adsorption  (this  work),  and  (b)  one  monolayer  of  oxy¬ 
gen  atoms  (one  oxygen  atom/surface  Si  atom)  are  adsorbed  at  satur.  ion 
17,12,13,15].  for  the  peroxy  radical  to  be  the  dominate  chemisorption 
configuration,  it  is  necessary  to  have  two  monolayers  of  oxygen  atoms 
(one  monolayer  of  peroxy  radical)  adsorbed  if  (a)  is  rigorously  met,  and 
to  have  only  half  monolayer  of  Si  atoms  affected  if  (b)  is  rigorously 
met.  A  more  definite  experimental  verification  or  refutation  of  condi¬ 
tions  (a)  and  (b)  in  the  future  would  therefore  greatly  clarify  the  role 
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of  peroxy  radical  in  the  initial  RT  chemisorption  on  the  Si(tll)  2x1 


surface . 

In  general*  the  picture  of  mixed  bonding  configuration  suggested  by 
the  finding  of  more  than  one  chemical  shift  in  the  Si-2p  level,  may 
reflect  the  imperfection  rather  than  the  perfection  of  the  2x1  surface. 
For  example,  steps  are  known  to  play  a  role  in  the  oxygen  adsorption 
process,  although  the  effect  may  not  be  as  pronounced  as  it  was  thought 
to  be  (see  discussions  in  section  3.  and  references  6  and  7).  Such 
imperfection  cannot  be  well  controlled  or  characterized  in  our  experi¬ 
ments.  and  it  may  therefore  be  a  source  of  uncertainty  for  the  interpre¬ 
tation  of  the  present  experimental  results.  He  have  found  that,  hou- 
ever,  for  all  cleaved  surfaces  uith  visually  equally  good  quality  (i.e., 
cleaves  that  are  flat  and  smooth  but  normally  show  more  than  one  domain 
when  examined  uith  LEED) ,  there  is  little  variation  in  the  line  shape  of 
the  Si-2p  level.  This  suggests  that  there  is  no  significant  variation 
in  the  relative  magnitude  of  the  different  chemically  shifted  compo¬ 
nents.  Another  possibility  for  explaining  the  presence  of  more  than  one 
chemical  shift  is  the  occurence  of  a  'flip-over'  condition  at  the  trans¬ 
ition  from  the  fast  chemisorption  to  the  slow  chemisorption  process, 
namely,  a  single  chemisorption  configuration  is  responsible  for  the  fast 
(initial)  chemisorption  process  and  conversion  of  this  configuration  to 
a  second  configuration  begins  at  the  onset  of  the  slow  adsorption  proc¬ 
ess.  A  future  high  energy-resolution  study  of  the  evolution  of  the 
chemical  shift  with  oxygen  coverage  can  certainly  resolve  this  issue. 
I4e  notice  that,  however,  conditions  (i)  and  (ii)  holds  true  even  with 
the  above-mentioned  complications  in  interpretation. 
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The  existence  of  non-dissociated  oxygen  in  the  initiai  RT 
chemisorption  process  has  been  a  major  concern  in  the  past 
113,14,16-181.  For  the  three  possible  configurations  of  non-dissocia- 
tive  chemisorption  (I, II, III  in  table  1),  our  results  here  point  to  more 
difficulties  with  the  peroxy  radical  configuration.  Angle-resolved  and 
polarization-dependent  photoemission  studies  of  Bauer  et.  al .  118], 

which  have  identified  features  due  to  0-0  bonding,  are  not  against  the 
possibility  of  having  the  peroxy-zwi tter i on  and  the  peroxide  bridge  as 
initial  chemisorption  configurations.  Thus  at  the  present  the  peroxy 
zuitterion  should  be  considered  a  strong  contender  for  tne  non-dissocia- 
tive  chemisorption  configuration  on  the  2x1  surface.  Future  experiments 
should  be  designed  to  distinguish  between  the  peroxy  zuitterion  and  the 
peroxy  radical.  Our  results  do  not  show  any  evidence  against  the  exist¬ 
ence  of  peroxide  bridges  in  the  initial  adsorption  stage.  In  fact  it  is 
interesting  to  make  the  following  speculation  about  the  peroxide  bridge. 
If  the  formation  of  the  peroxy  zuitterion — the  least  stable  configura¬ 
tion  in  table  2--  is  indeed  the  first  step  of  the  adsorption  process, 
the  energy  barrier  in  closing  the  peroxy  zuitterion  to  form  the  peroxide 
bridge —  the  most  stable  non-dissociati ve  chemisorption  configuration — 
may  be  smaller  than  or  comparable  to  that  in  transferring  one  electron 
away  from  the  peroxy  zuitterion  to  form  the  peroxy  radical.  Such  a  pos¬ 
sibility  may  be  important  for  future  theoretical  investigation. 

2.5  SUMMARY  AND  CONCLUDING  REMARKS 

In  conclusion,  the  photoemission  results  presented  in  this  chapter 
(section  3)  strongly  support  a  "defect"  model  for  the  7x7  structure  of 
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the  Si(111)  surface. 


Me  have  also  demonstrated  that,. 


for  the  same 


crystalline  plane  of  Si,  the  two  different  surface  reconstructions  can 
give  rise  to  drastically  different  oxygen  adsorption  properties. 

Me  have  also  analyzed  in  detail  the  chemical  shift  in  the  Si-2p  level 
of  both  the  Si(111)  2x1  surface  with  a  monolayer  of  oxygen  adsorbed  at 
room  temperature  and  such  a  surface  subjected  to  annealing  at  elevated 
temperature.  The  annealing  is  seen  to  reveal  neu  chemical  shifts  in 
Si-2p.  Comparison  of  both  the  values  and  the  intensities  of  the  chemi¬ 
cal  shift  before  and  after  annealing  has  provided  neu  information  about 
the  room  temperature  chemisorption  configuration.  Me  have  eliminated 
many  possibilities  and  have  narrowed  the  choice  to  a  few  possible  Si-0 
bonding  configurations.  More  systematic  studies  of  the  annealing 
effects  in  the  future  may  lead  to  the  determination  of  the  room  tempera¬ 
ture  chemisorption  configuration. 

2.6  APPENDIX 

Me  give  here  examples  of  pairs  of  configurations  that  are  inappropri¬ 
ate  for  the  before  and  after  annealing  transformation. 

Me  first  consider  condition  (ii)  in  the  text.  Tor  example,  the  trans¬ 
formation 
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0. 


Si  — 


0  Si  — 


/  \  /  \ 

Si  Si 

A  A 


proceeds  to  increased  heat  of  formation;  however,  the  chemical  shift  in 
Si-2p  moves  toward  lower  value  1161*  and  hence  it  is  not  a  proper  pair. 
For  the  same  reason,  the  pair 


ccpo)* 

—  Si  Si - 

\  /  \ 

Si 

l\ 


0 

/0  \~ 
Si  Si 

II  l\ 


is  not  favored.  The  first  example  given  above  also  violates  condition 
(iii)  of  the  text. 

Another  example  violating  condition  (iii)  is  the  closing  of  peroxy 
radical  to  peroxide  bridge  or  dissociation  of  it  into  oxygen  radical: 
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Chapter  III 


PHOTOEMISSION  STUDIES  OF  THE  INTERACTION  OF  OXYGEN  WITH  GAASC110) 

3.1  imo.au  £i  i  ph 

The  interaction  of  oxygen  with  GaAs(IIO)  surfaces  has  attracted  much 
attention  in  the  past  feu  years  (1-91.  In  particular,  these  studies 
have  addressed  the  question  of  adsorption  sites  and  the  question  of 
whether  oxygen  adsorbs  nondissociatively  or  dissociatively. 

Several  different  experimental  techniques  have  been  applied  to  this 
problem.  Among  them,  the  studies  of  chemical  shifts  in  the  Ga-3d  and  in 
the  As- 3d  were  often  used  in  the  past  to  address  the  question  of  chemi¬ 
sorption  sites  (2,3,51.  The  involvement  of  surface  As  atoms  in  bonding 
to  oxygen  has  been  firmly  established  by  the  observation  of  a  well 
resolved  chemical  shift  in  the  As- 3d  level  following  oxygen  adsorption 
(2,3,51.  The  involvement  of  surface  Ga  atoms,  however,  is  unclear 
because  only  a  broadening  in  the  Ga-3d  level  is  observed  following  oxy¬ 
gen  adsorption.  The  interpretation  of  the  broadening  in  the  Ga-3d  is 
not  straight  forward.  Brundle  and  Seybold  (31  have  proposed  the  direct 
growth  of  Ga^Oa  and  AszOj,  as  the  magnitude  of  chemical  shifts  are  close 
to  those  expected  for  the  two  bulk  oxides.  Pianetta  et  al  (51  have  sug¬ 
gested  that  As-0  bonding  could  induce  broadening  in  the  Ga-3d  level. 
For  oxygen  bonding  only  to  the  surface  As,  Barton  and  Goddard  (41  have 
calculated  an  As-0  bonding  Induced  shift  of  0.S  eV  in  the  Ga-3d  level  in 
addition  to  a  2.6  eV  shift  in  the  As-3d  level;  these  shifts  agree  well 
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uith  experiments  (2.3, 51.  Such  divergence  of  interpretations  illustrates 
the  difficulty  in  attaining  an  unambiguous  answer  from  the  magnitude  of 
the  shifts  in  core  level  alone. 

In  this  work,  we  turn  our  attention  to  the  density  of  valence  states 
(DOVS)  of  the  GaAs(IIO)  surface  adsorbed  uith  oxygen  (that  produced  by 
exposure  to  unexcited  oxygen  [51.  hereinafter  referred  to  as  the  DOVS  of 
0/6aAs.  Me  will  also  compare  DOVS'  obtained  from  oxygen  adsorption  on  a 
variety  of  surfaces.  It  uill  be  seen  that  careful  examination  of  the 
DOVS  can  often  resolve  the  ambiguities  associated  uith  the  core-level 
spectra.  After  describing  the  experimental  details  in  section  2.  the 
results  of  oxygen  adsorption  on  cleaved  GaAs(IIO)  uill  be  given  in  sec¬ 
tion  3.  Particular  emphases  are  given  to  the  30  eV  spectra  uhich  are 
better  representation  of  the  OOVS  than  spectra  obtained  uith  louer  pho¬ 
ton  energies.  Coverage  dependent  features  and  the  substrate  features  in 
the  30  eV  spectra  are  carefully  separated  out  in  order  to  obtain  a  rep¬ 
resentation  of  the  OOVS  of  0/GaAs(110).  An  interpretation  of  the  DOVS 
obtained  this  uay  uill  be  offered  based  on  comparisons  made  uith  the 
experimental  DOVS'  of  GazOs  and  AS2O3.  In  section  4,  ue  uill  present 
results  of  oxygen  adsorption  on  sputter-disordered  GaAs  surfaces.  The 
understanding  of  the  adsorption  process  on  the  disordered  surfaces  pro¬ 
vides  great  insights  into  the  adsorption  process  on  ordered  surfaces. 
The  photoemission  spectra  obtained  for  oxygen  adsorption  on  disordered 
surfaces  also  serve  as  useful  references  for  interpreting  photoemission 
spectra  obtained  under  other  conditions.  In  section  5>  studies  are  made 
on  surfaces  uhich  uere  first  covered  uith  oxygen  and  then  annealed  to 
elevated  temperatures.  Such  annealing  studies  reveal  the  stability  of 


the  bondings  formed  by  room  temperature  adsorption.  The  oxidation  of  Ga 
and  As  metals  have  also  been  studied  and  the  results  are  given  In 
Appendices  A  and  B.  Other  than  the  bonding  properties,  there  is  also 
the  aspect  of  oxygen-induced  changes  in  the  electronic  structure  of 
GaAs.  Such  changes,  as  reflected  in  the  positions  of  the  surface  Fermi 
level  in  the  band  gap.  are  summarized  in  Appendix  C. 

3.2  E&EmtKNTAL 

Experiments  uere  performed  in  a  stainless  steel  ultrahigh  vacuum 
chamber  utih  base  pressure  ~1010  Torr. 

The  light  sources  used  include  synchrotron  radiations  from  the  8s  and 
the  4°  beam  lines  of  the  Stanford  Synchrotron  Radiation  Laboratory 
(SSRL)  1101.  and  monochromatized  He- 1 C 2 1 . 2  eV).  He-Il(40.ft  eV)  radia¬ 
tions  from  a  He  discharge  The  0-1s  spectra  uere  obtained  with  Mg-tCa 
emission  (hv=1253.6  eV).  Energy  analyses  of  photoelectrons  uere  per¬ 
formed  uith  a  double-pass  cylindrical  mirror  analyzer  (Physical  Elec¬ 
tronics).  Combined  monochromator-analyzer  energy  resolutions  are  0.2  eV 
for  21  eV  spectra.  0.3  eV  for  30  eV  spectra,  0.35  eV  for  100  eV  spectra, 
0.3  eV  for  He-1  spectra,  and  0.4  eV  for  He-!I  spectra. 

Research  grade  oxygen  uere  used  in  making  the  oxygen  exposures. 
Unless  otheruise  stated,  oxygen  exposures  uere  made  uith  all  the  prcau- 
tions  necessary  to  avoid  generating  excited  oxygen  uhich  could  lead  to 
different  oxygen  adsorption  process  151. 

The  heatings  uere  achieved  by  a  tungsten  filament  uhich  uns  enclosed 
in  the  molybdem  sample  holder  positioned  at  the  back  end  of  the  crystal. 
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To  avoid  containmination  during  heating  the  heaters  had  been  thouroughly 
outgased  to  temperature  iS00°C  prior  to  the  heating  experiments.  Temp¬ 
eratures  were  monitored  uith  a  thermocouple  mounted  near  the  back  end  of 
the  crystals  and  an  infred  pyrometers  focused  near  the  crystal  surfaces. 
A  consistent  temperature  scale  for  different  experiment  runs  was 
obtained  from  the  pyrometer  reading.  The  discrepancies  in  the  thermo¬ 
couple  readings  from  different  experiment  runs*  however,  place  the  accu¬ 
racy  of  the  quoted  temperature  to  ±30*C. 

Samples  used  in  this  work  are  assigned  identification  such  as  N1,  N2, 
Pi  etc.,  uith  the  characters  N  and  P  indicating  n-type  and  p-type  sam¬ 
ples,  respectively.  The  crystal  suppliers  and  the  doping  concentrations 
are:  samples  P1-P4,  1.8x10,8cm'3  Zn  doped.  Laser  Diode;  samples  N1-N5, 
4x10,7cm*3  Sn  doped,  Varian  Associates;  samples  N6-N8,  5x10,7cm*3  Te 
doped.  Crystal  Specialty;  samples  N9-N12,  5x10,8cm*3  Si  doped.  Laser 
Diode. 


3.3  RESULTS  AND  DISCUSSION  -  ROOM  TEMPERATURE  ADSORPTION  OH  CLEAVED 

SAASUm 

In  this  section,  ue  present  results  of  room  temperature  adsorption  on 
cleaved  GaAs(IIO)  surfaces.  Emphasis  is. given  to  the  valence  band  spec¬ 
tra,  but  a  summary  of  the  results  from  the  core-level  spectra  will  be 
given  in  3.1.  Experimental  valence  band  spectra  of  0/GaAs(lI0)  are 
presented  in  3.2.  The  different  coverage  dependence  of  the  various  fea¬ 
tures  in  the  spectra  are  carefully  analyzed  in  3.2.  Contributions  to 
the  valence  band  spectra  from  two  different  forms  of  adsorbed  oxygen  are 
separated  from  each  other  by  such  analyses.  The  interpretation  of  the 
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spectrum  of  the  major  chemisorption  form  -  oxygen  which  adsorb  on  normal 
surface  sites  and  produce  chemical  shifts  in  the  core  levels  -  is 


attempted  in  3.3.  The  nature  of  other  form  of  oxygen  is  discussed  in 

3.4.  Some  speculations  about  the  mechanism  of  adsorption,  particularly 
the  role  of  defects  in  the  initial  steps  of  adsorption,  are  given  in 

3.5. 


3.3.1  Results  from  Core-level  Spectra 

The  basic  facts  available  in  the  core-level  spectra  have  been 
reported  by  Pianetta  et  al  [5].  Me  have  repeated  the  measurements  of 
Pianetta  et  al  with  improved  energy  resolution  and  signal -to-noise 
ratio.  An  overview  of  the  Ga-3d  and  the  As- 3d  levels  of  GaAs(IIO)  sur¬ 
faces  sujected  to  a  sequence  of  oxygen  exposures  is  given  in  fig.  1. 
All  important  features  reported  by  Pianetta  et  al  are  reproduced:  (1) 
no  chemical  shift  in  either  the  As-3d  or  the  Ga-3d  can  be  observed  for 
oxygen  exposures  smaller  than  107l  (1  1=  10-tTorrx1  sec),  (2)  a  well 
resolved  chemical  shift  (AE=3. 010.1  eV)  in  the  As- 3d  is  observed  for 
oxygen  exposures  higher  than  107  L»  and  (3)  the  full  width  at  half  maxi¬ 
mum  (FWHM)  of  the  Ga-3d  level  increases  with  increasing  exposure,  but  no 
resolvable  shift  can  be  observed  throughout  the  whole  exposure  range  we 
have  studied. 

The  broadening  of  the  Ga-3d  level  is  further  examined  in  fig.  2, 
where  the  Ga-3d  and  the  As-3d  spectra  of  the  clean  surface  are  sub- 
stracted  from  those  of  the  oxidised  surface  <10’°  L  exposure).  The  sub- 
straction  was  done  by  aligning  the  unshifted  As-3d  in  the  two  spectra  in 
energy  and  by  adjusting  intensities  of  the  two  spectra  to  have  equal 
areas  under  the  unshifted  As-3d.  The  difference  curve  (the  bottom 
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Figure  S:  As-3d  and  Ca-3d  levels  of  clean  and  oxygen-exposed  n- 

GaAs(llO)  measured  at  hi»=100  eV.  The  1 0 1 3L  spectrum  was 
obtained  on  a  different  surface. 


curve,  fig.  2)  shous  tuo  peaks  in  the  Ga-3d  region,  whereas  the  inten¬ 
sity  in  the  energy  region  of  the  unshifted  As-3d  is  zero.  One  of  the  tuo 
peaks  in  the  Ga-3d  region  has  binding  energy  higher  than  that  of  the 
unshifted  Ga-3d  while  the  other  has  lower  BE.  Because  oxygen  adsorption 
induced  both  a  high  BE  component  and  a  low  BE  component  in  the  Ga-3d, 
Pianetta  et  al  15]  have  described  it  as  'homogeneous'  broadening.  The 
difference  curve  in  fig.  2,  however,  clearly  indicates  that  the  broaden¬ 
ing  is  asymmetrically  touard  the  high  BE  side. 

There  are  tuo  possible  explanations  for  the  appearance  of  a  component 
shifted  to  the  low  BE  side  as  well  as  a  component  shifted  to  the  high  BE 
side. 

The  first  is  that  the  assumption  that  BE(As-3d)-BE(Ga-3d)  of  the 
unshifted  levels  remains  constant  with  oxygen  adsorption  is  invalid.  In 
the  spectrum  of  a  clean  GaAsCIIO)  surface,  there  are  contributions  from 
both  atoms  in  the  surface  layer  and  atoms  in  the  bulk.  Eastman  et  al 
[11]  have  found  that  the  BE's  of  the  As- 3d  and  the  Ga-3d  of  the  surface 
atoms  are  different  from  those  of  the  atoms  in  the  bulk.  Thus  the  value 
of  BE(As-3d)-BE(Ga-3d)  observed  on  a  clean  relaxed  Gas(IIO)  surface  is 
different  from  that  expected  in  the  absence  of  surface  shifts.  Assuming 
the  surface  atoms  contribute  50%  intensity  to  the  observed  spectrum  and 
using  the  values  of  surface  shifts  of  Eastman  et  al  [11],  the  observed 
BE(As-3d)-BE(Ga-3d)  is  estimated  to  be  0.33  eV  smaller  than  that  in  the 
absence  of  surface  shifts  If  the  oxygen  adsorption  removes  the  surface 
shifts,  the  value^of  BE(As-3d)-BE(Ga-3d)  would  be  changed  following  oxy¬ 
gen  adsorption.  Me  have  indeed  found  it  possible  to  eliminate  the  low  BE 


Figure  9:  Difference  curve  between  the  As-3d  and  the  Ga-3d  spectra  of 
clean  and  oxygen-exposed  n-GaAs(llO).  Notice  that  oxygen 
exposure  induced  broadening  in  the  Ga-3d  toward  both  the  low 
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component  of  the  shifted  Ga-3d  in  the  difference  curve  by  increasing  the 
value  of  BE(As-3d)-BE(Ga-3d)  by  0.4  eV  after  oxygen  adsorption.  Me 
should  also  notice  that  for  this  explanation  to  hold  the  removal  of  the 
surface  shifts  has  to  occur  at  an  oxygen  coverage  significantly  belou 
monolayer.  This  is  because  the  lou  BE  component  of  the  shifted  Ga-3d 
appears  following  exposure  as  low  as  10*  l  (9=0.4  monolayer).  In  IEED 
I-V  studies  161.  the  I-V  structure  charater istic  of  an  ideally  relaxed 
GaAs(ltO)  surface  was  found  to  be  drastically  modified  after  an  exposure 
of  10*  L.  It  is  thus  conceivable  that  the  surface  shifts,  which  are 
directly  related  to  the  long  range  relaxation  of  the  GaAs(IIO)  surface 
(111,  are  lost  after  an  exposure  of  10*  L. 

Another  possible  explanation  is  simply  that  the  adsorption  of  oxygen 
induces  a  broad  shifted  Ga-3d  peak  which  extends  to  both  the  high  BE  and 
the  lou  BE  side  of  the  unshifted  Ga-3d.  This  explanation  is  reasonable 
especially  in  view  of  findings  to  be  reported  in  Appendix  A.  There  the 
Ga-3d  of  clean  Ga  metal  is  found  to  show  well  resolved  spin-orbit  split¬ 
ting.  Such  resolvable  splitting  is  absent  for  either  the  Ga-3d  of  clean 
GaAs  or  the  Ga-3d  of  GaAs  adsorbed  with  oxygen  or  the  Ga-3d  of  Ga;03. 
The  FHHM  of  the  Ga-3d  of  Ga^Oj  is  also  significantly  larger  than  that  of 
clean  Ga  (Appendix  A). 

At  the  present,  we  do  not  have  experimental  data  to  distinguish  the 
two  possibilities.  The  complex  oxygen  induced  change  in  the  Ga-3d  as 
revealed  in  fig.  2,  however,  illustrates  the  difficulty  in  interpreting 


the  core  level  spectra  of  surfaces. 


The  amount  of  shifted  As-3d  and  shifted  Ga-3d  at  various  oxygen  expo¬ 


sures*  expressed  respectively  as  a  percentage  of  the  total  As-3d  emis¬ 
sion  and  the  total  Ga-3d  emission*  are  listed  in  table  1.  The  amount  of 
shifted  Ga-3d  were  estimated  using  three  methodes:  (1)  measure  the  area 
under  the  shifted  Ga-3d  in  the  difference  curve.  (2)  fit  the  Ga-3d  peak 
uith  three  skewed  Gaussians.  one  unshifted  (which  remains  the  same  BE 
relative  to  the  As-3d  as  on  the  clean  surface)  and  two  shifted  (toward 
higher  BE  and  tower  BE),  and  (3)  fit  the  Ga-3d  with  two  components,  one 
'unshifted'  and  one  shifted  toward  higher  BE  (the  position  of  the 
'unshifted'  component  was  also  permitted  to  vary  in  the  fitting  proce¬ 
dure).  All  three  methodes  agree  within  10%.  Me  notice  that  for  all 
exposures,  the  percentage  of  shifted  As-3d  is  roughly  the  same  as  the 
5a- 3d. 

It  is  also  interesting  to  notice  that  the  percentage  of  shifted  As-3d 
at  1013  L  exposure  is  about  the  same  as  that  reported  by  Pianetta  et  al 
[S]  at  10,z  L  exposure.  Since  only  two  data  points  are  available,  it  is 
not  clear  if  a  saturation  of  the  adsorption  process  is  reached  between 
10'*  l  and  10,a  L,  although  the  data  are  suggestive  of  this.  The  escape 
depth  analyses  of  Pianetta  et  al.  however,  have  indicated  that  it  is 
reasonbl e  to  assume  the  52%  shifted  As-3d  corresponds  to  the  adsorption 
of  one  monolayer  oxygen.  This  assumption  is  adopted  here  and  is  used  in 
estimating  the  oxygen  coverages  at  various  exposures:  these  estimates 
are  listed  in  table  1.  The  intensity  of  the  0-2p  normalized  to  the 
intensity  of  the  Ga-3d  at  each  exposure  is  also  entered  in  table  1  for 


later  comparisons. 


TABLE  3 

Percent  of  shifted  As-3d  end  Ga-3d  at  various  exposures 


Treatment 

Percent  shifted 
As- 3d 

Percent  shifted 
Ga-3d 

Intensi ty 
0-2p 

Coverage 

(monolayer 

107L  02 

9 

12 

0.09 

0. 17 

10*L  0Z 

23 

22 

0. 16 

0.35 

10,L  0Z 

27 

26 

0.26 

0.5 

10 1 °L  02 

34 

28 

0.33 

0.65 

10,3l  oz 

52 

47 

0.49 

1.0 

The  fact  that  the  shift  in  the  As-3d  is  constant  at  any  coverage 
belou  one  monolayer  (fig.  1)  is  north  emphasizing:  it  indicates  that  the 
oxygen  coordination  number  of  As  in  the  0/GaAs(110)  bonding  is  constant 
uith  increasing  oxygen  coverage. 

3.3.2  va)  encj-Ban.fl  _Sp.es  tr.a 

Overviews  of  the  valence  band  spectra  of  a  n-GaAs(IIO)  surface  sub¬ 
jected  to  a  sequence  of  oxygen  exposures,  taken  at  21  eV  and  30  eV  pho¬ 
ton  energies,  are  displayed  in  figs.  10  and  11.  respectively. 

The  major  oxygen  induced  feature  seen  in  the  21  eV  spectra  is  a  rela¬ 
tively  sharp  peak  at  4.6  eV±0.1  eV  belou  VBM.  Because  of  the  relatively 
long  escape  depth  of  the  photoelectrons  excited  by  this  photon  energy 
from  the  peak  (6.9  eV  BE)  due  to  the  s-p  hybrid  band  of  bulk  GaAs.  it  is 
seen  in  all  spectra.  Knowledge  of  the  energy  position  of  this  peak  rela¬ 
tive  to  the  Fermi  level  is  useful  in  determining  the  band  bending  in 
GaAs  induced  by  oxygen  adsorption  (to  be  discussed  in  Appendix  C).  The 
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igure  10: 


Photoemission  spectra  of  clean  and  oxygen-exposed  n- 
GaAs(IIO)  obtained  at  hv=21  eV. 
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energy  separation  between  the  oxygen  peak  (4.6  eV  BE)  and  the  substrate 
peak  (6.9  eV  BE)  is  constant  with  increasing  oxygen  exposures.  This 
reflects  the  same  fact  that  is  given  by  the  constant  energy  separation 
between  shifted  and  unshifted  As-3d  peaks,  namely,  the  oxygen  substrate 
bonding  is  probably  coverage  independent.  In  addition  ,  this  separation 
is  same  for  a  n-type  sample  and  a  p-type  sample  whose  surface  Fermi 
level  positions  in  the  band  gap  are  significantly  apart  (~0.4  eV)  from 
each  other  at  tow  oxygen  coverages  (<0.6  monolayer).  This  is  seen  in 
fig  12  where  we  have  displayed  the  21  eV  spectra  obtained  on  a  p-type 
sample,  with  the  Fermi  level  position  indicated  in  each  spectrum. 
Therefore  the  binding  energy  of  the  oxygen  peak  is  a  constant  when  ref¬ 
erenced  to  the  valence  band  maximum  of  the  GaAs  substrate,  but  not  a 
constant  when  referenced  to  the  surface  Fermi  level.  If  room  tempera¬ 
ture  adsorption  of  oxygen  on  GaAsdIO)  resulted  in  the  direct  formation 
of  islands  of  bulk  oxides  (Asz03>  Gaz03)  that  are  chemically  separated 
from  the  substrate,  the  change  in  band  bending  within  the  GaAs  substrate 
is  not  expected  to  affect  the  binding  energy  of  oxygen  levels  referenced 
to  the  Fermi  level.  An  oxygen-substrate  bonding  configuration  with  oxy¬ 
gen  atom  "continuing"  or  "inserted  into"  the  lattice  conforms  better  to 
the  above  observation  than  the  formation  of  oxide  islands. 

In  the  21  eV  spectra,  some  oxygen  induced  features  at  higher  binding 
energy  may  be  shadoued  by  the  secondary  electron  emission.  The  second¬ 
ary  background  in  the  region  of  interest  is  greatly  reduced  in  the  30  eV 
spectra.  As  an  example,  the  As-4s-like  band  of  clean  GaAs(IIO),  which 
cannot  be  unambiguously  identified  in  the  21  eV  spectrum,  is  clearly 
discernable  in  the  30  eV  spectrum  (-11  eV  BE).  The  30  eV  spectra  also 
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Figure  11:  Photoemission  spectra  of  clean  and  oxygen-exposed  GaAs(IIO) 
obtained  at  hv=30  eV. 
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give  increased  cross  section  for  oxygen  levels  and  decreased  cross 
section  for  substrate  features,  when  compared  to  the  21  eV  spectra,  the 
s-p  mixed  band  (6.9  eV  BE)  in  the  107L  «  3xl01oL  spectra  in  fig.  11.  The 
density  of  valence  states  of  0/GaAs(110)  is  therefore  better  represented 
by  the  30  eV  spectra. 

To  further  reveal  details  in  the  OOVS  of  0/GaAs(110),  ue  have 
obtained  a  feu  difference  curves  uhich  are  shoun  in  fig  13.  Pannel  (a) 
gives  the  difference  curve  betueen  the  107L  spectrum  and  the  clean  spec¬ 
trum  of  sample  M3  (the  bottom  curve).  The  original  spectra  uith  smooth 
and  featureless  backgrounds  removed  are  also  shoun  in  th  top  part  of 
panel  (a).  The  substraction  necessary  for  obtaining  the  difference 
curve  is  done  in  such  a  uay  that  (i)  zero  intensity  is  reached  in  the 
difference  curve  at  the  energy  position  corresponding  to  the  clean  com¬ 
ponent  of  the  Ga~3d  level  (not  shoun  in  fig.  13),  and  (ii)  the  intensity 
of  the  leading  peak  of  the  clean  spectrum  and  the  intensity  of  the 
shoulder  near  VBM  in  the  107L  spectrum  are  adjusted  to  be  about  equal 
before  the  substraction.  The  difference  curve  betueen  the  3x10,oL  spec¬ 
trum  and  the  clean  spectrum  is  obtained  in  a  similar  uay  and  is  shoun  in 
panel  (b).  The  tuo  difference  curves  in  panels  (a)  and  (b)  are  compared 
in  panel  (c).  Overall  resemblance  can  be  seen  betueen  the  tuo  differ¬ 
ence  curves  in  the  BE  region  0-10  eV.  The  relative  heights  of  the  major 
oxygen  peak  and  the  feature  in  the  10-12  eV  BE  region  (labeled  S  in 
panel  (c)),  houever,  are  quite  different  in  the  tuo  difference  curves. 
An  examination  of  fig.  11  shous  that  feature  S  does  not  grou  uith 
increasing  oxygen  exposure  as  the  4.6  eV  peak  does.  This  is  verified  by 
the  difference  curve  taken  betueen  th  3x10,6l  spectrum  and  the  1 0 7 L 
spectrum,  uhich  is  shoun  in  panel  (d).  In  that  difference  curve,  little 
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ure  12:  Photoemission  spectre  of  clean  and  oxygen-exposed  p- 

GaAs(IIO)  obtained  at  hv=21  eV.  The  10’L  and  the  10,ol 
exposures  were  made  with  excited  oxygen. 


intensity  is  seen  in  the  region  between  10  and  12  eV  BE,  where  feature  S 
appears  in  the  107l-clean  difference  curve.  Feature  S  is  attributed  to 
a  different  form  of  oxygen  which  saturates  at  low  exposure  and  low  cov¬ 
erage.  More  detailed  discussion  of  this  low  coverage  state  will  be 
postponed  until  section  3.4.  Sufficient  to  point  out  here  that  the  dif¬ 
ference  curve  given  in  panel  (d)  is  a  true  representation  of  the  DOVS  of 
the  major  form  of  adsorbed  oxygen,  i.e.,  the  adsorbed  oxygen  that  prod¬ 
uce  the  chemical  shifts  in  As-3d  an  6a- 3d  discussed  in  the  last  subsec¬ 
tion.  The  OOVS  in  panel  (d)  consists  of  a  prominent  peak  at  4.6  eV  BE 
and  a  broad  shoulder  in  the  region  of  6.5-10  eV  BE.  Interpretations  of 
these  features  will  be  given  in  the  next  subsection. 
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Figure  13:  Removal  of  the  coverage  dependent  features  in  the  OOVS.  The 
difference  curves  between  the  spectra  of  clean  and  oxygen-exposed 
surfaces  at  two  different  exposures  are  obtained  in  (a)  and  (b).  When 
these  tuo  difference  curves  are  compared  in  (c)>  coverage  dependent 
variations  in  the  spectra  are  revealed.  The  coverage  dependent  features 
can  be  removed  by  taking  difference  between  the  high  coverage  and  the 

low  coverage  spectra  (d). 
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3.3.3  Interpretation  of  the  DOVS 

The  first  piece  of  information  to  be  drawn  from  the  OOVS  shown  in  fig 
13-(d)  is  that  oxygen  adsorb  dissociati vely  on  the  GaAs(IIO)  surface. 
Molecular  species  such  as  0;'.  02'z,  are  expected  to  give  multiplets 
with  comparable  strength  in  the  photoemission  spectrum  [12].  Me  1 e  and 
Joannopoulos  [1]  in  their  tight  binding  calculations  have  found  three 
molecular  levels  of  comparable  strength,  with  binding  energies  of  4,  8, 
and  10  eV  for  peroxy  radicals  chemisorbed  on  either  6a  or  As  sites,  and 
with  binding  energies  of  A,  8.  and  12  eV  for  peroxide  bridge  bridging 
over  second  nearest  Ga  and  As  atoms.  The  OOVS  in  fig  13-(d),  showing  a 
single  dominant  peak  at  4.6  eV  BE,  gives  no  reminiscence  of  the  multi¬ 
plets  characteristic  of  the  0-0  bonding.  We  therefore  conclude  that 
non-dissoci ative  chemisorption,  either  in  the  form  of  peroxy  radical  or 
in  the  form  of  peroxide  bridge,  does  not  occur  for  room  temperature 
adsorption  of  oxygen  on  GaAs(IIO)  surfaces.  The  same  conclusion  has 
been  reached  by  Brundle  and  Seybold  [3]  based  on  the  binding  energy  of 
the  0-1s  level . 


Having  established  that  the  adsorption  is  dissociative,  the  DOVS  can 
be  described  in  general  terms  of  the  bonding  properties  of  the  oxygen 
atom.  There  are  four  electrons  in  the  p-shell  of  an  oxygen  atom  leading 
to  one  doubly-occupied  and  two  singly-occupied  p-orbitals.  Only  the  two 
singly-occupied  p-orbitals  participate  in  the  bonding  of  oxygen  atom  to 
other  atoms,  and  the  doubly  occupied  p-orbital  remains  non-bonding.  The 
essential  feature  of  the  OOVS  of  any  oxide  therefore  consists  of  a  non- 
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bonding  band  and  a  bonding  band.  A  simple  characterization  of  such  DOVS 
can  be  made  in  terms  of  two  parameters*,  the  energy  splitting  between  the 
nonbonding  and  the  bonding  bands  (hereinafter  referred  as  N-B  split¬ 
ting).  and  the  ratio  of  the  density  of  the  nonbonding  and  bonding  states 
(hereinafter  referred  to  as  the  N-B  ratio).  For  example,  when  the  oxy¬ 
gen  atom  is  in  a  bridge  bonding  position,  the  N-B  ratio  is  1:2  based  on 
simple  counting  of  the  nonbonding  and  the  bonding  electrons.  In  prat- 
ice,  however,  both  the  N-B  splitting  and  the  N-B  ratio  may  be  difficult 
to  extract  from  the  experimental  DOVS.  For  example,  the  different 
matrix  elements  for  the  photoionization  of  the  nonbonding  and  the  bond¬ 
ing  orbitals  may  make  the  density  ratio  ambiguous;  the  broadending  in 
the  bonding  band  due  to  the  disorder  the  oxides  may  cause  difficulty  in 
determining  the  energy  splitting  between  the  nonbonding  and  the  bonding 
bands. 

To  avoid  the  difficulties  in  extracting  absolute  numbers  for  the  N-B 
splitting  and  the  N-B  ratio  from  the  experimental  DOVS',  the  approach  to 
be  used  below  is  to  qualitatively  compare  the  N-B  splitting  and  the  N-B 
ratio  between  the  OOVS'  of  several  possible  oxygen  bonding  configura¬ 
tions.  In  particular,  we  will  compare  the  DOVS  of  0/GaAs(110)  to  the 
BOVS'  of  AszOo  and  CatOg. 

As  a  first  step  of  comparing  the  experimental  DOVS',  we  have  theoret¬ 
ically  projected  the  two-parameters  (the  N-B  splitting  and  the  N-B 
intensity  ratio)  of  a  few  possible  oxygen  bonding  configurations  and 
have  listed  the  results  in  table  4.  Configurations  As-O-As  (IV)  and 
•a-O-Ba  (V)  are  included  to  simulate  the  known  oxides,  As^Oj  and  Ga;03, 
respectively,  in  calculating  the  N-B  splittings.  Configurations  I-III 


SB  - 


are  candidates  to  be  considered  for  the  0/GaAs(110)  bonding. 


In 


configuration  I  of  tabel  4,  the  oxygen  atom  terminates  a  doubly-occupied 
surface  As  dangling  orbital;  the  As=0  bonding  involves  it-  as  uell  as 
a-interactions,  as  discussed  by  Lucovsky  and  Bauer  [131  and  Barton  et. 
al.  (41.  In  configuration  II#  the  oxygen  terminates  a  singly  occupied 
sp3  hybrid  of  As  or  Ga  or  both;  this  configuration  has  been  examined  in 
detail  by  dele  and  Joannopoulos  111  with  tight  binding  calculations.  In 
configuration  III,  the  oxygen  atom  breaks  a  surface  bond  and  bridges 
over  a  pair  of  nearest-neighbor  Ga  and  As. 

The  N-B  ratios  given  in  table  4  are  based  on  simple  counting  of  bond¬ 
ing  and  nonbonding  electrons.  No  distinction  is  made  between  s-elec- 
trons  (contributed  by  the  Ga  or  the  As  to  the  bonding  band)  and  p-elec- 
trons,  although  in  our  condition  (hv=30  eV)  p-electrons  may  be 
preferentially  emphasized  over  s-electrons  in  the  measured  GOVS'.  Such 
error,  however,  is  expected  to  be  the  same  for  all  bonding  configura¬ 
tions  considered  in  table  4.  As  mentioned  above,  in  configuration  I  the 
two  doubly-occupied  0-2p  orbitals  have  n-interaction  with  the  empty  4d 
orbitals  of  As  [4,131.  The  ^-interaction,  however,  is  ueaker  than  the 
a-bonding,  hence  we  expect  a  splitting  between  the  n  and  o  bondings.  We 
will  therefore  count  electrons  in  the  donor-like  n  bonding  as 
'nonbonding'.  The  nonbonding  to  bonding  electrons  ratio  for  configura¬ 
tion  I  is  the  highest  in  table  4.  For  oxygen  in  bridge  position,  the 
N-B  ratio  is  1:2  in  all  cases  (configurations  III  through  V).  In  bulk 
GajO],  complication  arises  because  some  oxygen  lone  pairs  can  interact 
with  nearby  empty  Ga  orbitals  and  form  donor-like  bonds  (see  Appendix  A 
for  more  details).  This  complication  has  been  ignored  in  table  4,  but 


it  is  discussed  below  when  making  comparisons  of  the  experimental  OOVS. 


TABLE  4 


Qualitative  trends  in  the  characteristics  of  the  D0VS'  of  a  feu 
oxygen  bonding  configurations 


No.  Bonding  Configuration  N-B  Splitting 

(eV) 


N-B  Ratio 


I 

Ga —  As 
'  Is*)' 

3.  36 

II 

Ga - As 

O-Ga  5.75 

/  \ 

^0 —  As 
Ga 

(sp3) 

O-As  7.04 

III 

(p3) 

5.  19 

/  (spz) 

IV 

As"" 

As 

4.85 

(p3) 

V 

r  ° 

Ga 

Ga 

5.62 

(sp3) 

AS2O3 

(exp) 3. 3 

GajOj 

(exp)-4. ! 

(tt:2.86\ 
a: 7.52/ 

:2.76\ 
:6.94/ 


(t»:4.  1o\ 


2:1 


3:2 


1:2 


1:2 


1:2 


•Calculated  values  of  flele  and  Joannopoul os  [11. 


Simple  ICAO  calculations,  similar  to  that  done  for  Si-O-Si  by  Harri¬ 
son  (141,  have  been  performed  to  obtain  the  N-B  splittings  in  table  4. 
These  calculations  uere  done  only  to  reveal  the  trend  in  the  N-B  split¬ 
ting  among  the  various  configurations  considered.  No  absolute 
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correspondence  between  these  numbers  and  the  experimental  OOVS  should  be 


sought.  Some  of  the  details  of  the  calculation  can  be  found  in  Appendix 
0.  Me  notice  here  that  for  configurations  containing  bridge  oxygen 
CIII-V)  the  bonding  band  further  splits  into  a  o  component  and  a  it  com¬ 
ponent.  Broader  bonding  bands  are  therefore  expeced  for  configurations 
III  through  V  when  compared  to  configuration  I.  In  tabel  4,  ue  have 
listed  the  centers  of  gravity  of  c  and  a  components  as  the  N-B  split¬ 
tings  for  configurations  III  through  V;  splittings  between  the  nonbond¬ 
ing  oxygen  orbital  and  the  individual  o  and  it  components  are  enclosed  in 
parenthesis.  The  following  trends  in  the  theoretical  N-B  splittings  are 
observed : 

i)  configuration  I  has  the  smallest  N-B  splitting  and  the  narrow¬ 
est  bonding  band  among  all  the  bonding  configurations  consid¬ 
ered  in  table  4 

ii)  single  As-(sp3)  hybrid  bonded  to  oxygen  gives  an  N-B  splitting 
even  bigger  than  those  expected  for  Asz03  and  Gaz03. 

iii)  the  N-B  splitting  for  the  Ga-O-As  bridpj  is  i*v* -mediate 
between  tah  of  As-O-As  and  that  of  Ga-O-Ga,  or  it  is  intermedi¬ 
ate  between  the  N-B  splittings  of  AS2O3  and  Ga203. 

In  fig  14,  we  compare  the  experimental  DOVS  of  Asz03  (top)  and  Ga303 
(bottom)  to  that  of  oxygen  adsorbed  on  GaAs(IIQ)  (center,  reproduced 
from  fig  13-(d)).  All  the  three  spectra  are  displayed  with  the  Fermi 

level  as  the  energy  zero.  More  detailed  discussion  of  the  OOVS'  of 
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Figure  14:  Comparison  of  the  experimental  DOVS  of  0/DaAs(110)  to  those 
of  AS2<>3  and  GajOj  The  DOVS'  of  0/GaAs(110)  and  AS2O3  wore 
obtained  at  hv=30  ev,  whereas  that  of  GajOa  was  obtained  at 
hv=32  eV. 


AsjOa  and  Ga203  uiU  be  given  in  Appendices  A  ar.d  B.  Here  ue  can  make 
the  following  qualitative  observations: 

i)  The  bonding  band  of  the  DOVS  of  oxygen  adsorbed  on  GaAsdIO)  is 
not  as  pronounced  as  those  of  the  DOVS'  of  AS2O3  and  Ga203. 
The  comparison  made  with  the  DOVS  of  Ga203  is  somewhat  ambigu¬ 
ous  due  to  the  presence  of  the  donor-like  bonding  band  (see 
Appendix  B).  The  comparison  made  with  the  DOVS  of  A5203,  how¬ 
ever.  is  clear.  This  suggests  the  importance  of  nonbridging 
oxygen  (configurations  I  or  II)  bonding  for  oxygen  chemisorbed 
on  GaAsdIO). 

ii)  There  is  no  component  of  the  bonding  band  of  the  DOVS  of 
0/GaAs(110)  that  has  a  N-B  splitting  bigger  than  that  of  Ga203 
This,  according  to  table  4,  disfoavors  onfiguration  II.  The 
same  conclusion  is  reached  by  comparing  the  more  accurate 
tight-binding  values  II]  to  experimental  DOVS.  We  therfore 
suggest  that,  in  conjunction  with  (i),  As=0  provides  the  impor¬ 
tant  nonbridging  oxygen  bonding. 

iii)  The  bonding  band  in  the  DOVS  of  0/GaAs(110)  is  broad  and  its 
high  binding  energy  edge  lies  at  a  binding  energy  higher  than 
that  in  the  DOVS  of  AS2O3  but  comparable  to  that  in  the  DOVS  of 
Ga203.  This  suggests  other  types  of  bonding  besides  As=0.  In 
section  4  below  we  will  give  evidence  showing  that  Ga-O-Ga.  and 
hence  As-O-As.  bonds  are  unlikely  to  result  from  room  tempera¬ 
ture  adsorption  of  oxygen  on  GaAsdIO).  The  Ga-O-As  bridge  is 
therefore  important  to  consider  in  addition  to  the  As=0  bond- 
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i ng .  The  specific  way  the  As=0  and  the  Ga-O-As  bondings  is 
mixed,  however,  cannot  be  deduced  from  the  OOVS  of  0/GaAs( 1 10) . 


In  fig  15.  ue  suggest  an  adsorption  configuration  consisting  of  an 
oxygen  atom  datively  bonded  (i.e.,  the  As=0  bond  [13])  to  an  surface  As 
and  an  oxygen  atom  inserted  into  one  of  the  backbonds  to  the  same  sur¬ 
face  As.  Further  explanations  of  the  motivations  for  this  suggestion 
will  be  pointed  out  in  section  3.5  where  ue  discuss  the  adsorption  mech¬ 
anism.  Here  ue  only  notice  that  the  model  is  not  inconsistent  with  the 
chemical  shifts  in  core  levels:  a  surface  As  atom  is  bonded  to  tuo  oxy¬ 
gen  atoms  but  uith  three  electrons  participated  in  bonding,  hence  the 
chemical  shift  is  comparable  to  that  found  for  AsiOa  (Appendix  A);  a 
surface  Ga  atom  is  bonded  to  only  one  oxygen  atom,  hence  a  small  and 
unresolved  chemical  shift  in  the  Ga-3d  level. 
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1  st  LAYER 

2  nd  LAYER 


SIDE  VIEW 


Figure  15s  A  proposed  bonding  mode!  for  room  temperature  adsorption  of 
oxygen  on  GaAs(IIO).  A  side  view  of  the  (110)  surface  is 
shown  here. 


3.3.4  The  _Lo_u  Coverage  Adsorption  State 

We  now  return  to  discuss  the  feature  between  10-12  eV  BE  in  fig.  13. 
In  fig.  16.  we  show  the  spectrum  of  a  clean  GaAs(IIO)  (top  curve)  and 
the  difference  spectra  (the  oxygen-exposed  minus  the  clean)  of  this  sur- 
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face  subjected  to  three  different  oxygen  exposures.  The  same  feature 
between  10-12  eV  BE  (labeled  4  in  fig  16)  is  seen  in  the  10*L  difference 
spectrum.  This  feature  probably  is  shadowed  by  the  4.6  eV  BE  nonbonding 
oxygen  peak  in  high  exposure  spectra  shown  in  fig  13.  Feature  1  is  weak 
and  feature  3  appears  nearly  in  the  noise  level  in  the  1 0 s L  difference 
spectrum#  but  they  are  clearly  the  dominant  features  in  the  1 0 7 L  spec¬ 
trum.  Features  1  and  3  are#  then#  the  key  features  of  the  major  chemi¬ 
sorbed  species#  as  discussed  in  the  last  subsection.  Features  2  and  4 
are  therefore  associated  with  a  different  oxygen  state  which#  according 
fig  16#  saturates  at  1 1 0s L  exposure.  The  saturation  coverage  of  this 
state  can  be  estimated  in  the  following  way:  the  intensity  of  emission 
from  features  2  and  4  in  the  107l  spectrum  is  less  than  10X  of  that  due 
to  features  1  and  3  (features  of  the  chemisorption  state).  The  oxygen 
coverage  of  the  major  chemisorption  state  is  approximately  0.1  monolayer 
for  a  surface  exposed  to  I07l  oxygen  (table  1.  section  3.1).  Thus  the 
saturation  coverage  of  the  low  exposure  state  is  less  than  0.01  mono- 
layer. 

The  low  saturation  coverage  reaches  with  low  exposure  suggests  that 
the  adsorption  of  this  state  of  oxygen  may  be  at  surface  defect  sites. 
Some  clues  to  the  nature  of  this  state  and  the  nature  of  the  defect 
sites  are  given  below. 

The  binding  energies  of  features  2  and  4,  5.3  eV  and  -10.3  eV, 
respectively#  are  the  same  as  those  found  for  Ga-0-Ga  bridge  bonds  (to 
be  discussed  in  the  next  section#  where  a  large  number  of  such  bonds  are 
found  on  a  sputter-disordered  Ga-rich  GaAs  surface).  Heating  experiments 
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Figure  16:  The  photoemission  spectra  of  a  clean  n:GaAs(110)  (top  and 
the  difference  curves  between  spectra  of  clean  and  oxygen- 
exposed  surfaces  at  a  sequence  of  oxygen  exposures.  The 
spectra  were  obtained  at  hv=30  eV.  Feature  1.  3  are 
associated  with  one  form  of  oxygen,  and  2.  4  with  another. 
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(to  be  discussed  in  section  4)  also  revealed  that  this  lou  coverage 
state  of  oxygen  desorbs  at  -150°C,  uhich  is  consistent  the  high  volatil¬ 
ity  of  Ga^O.  This  low  coverage  state  of  oxygen  is  therefore  interpreted 
as  oxygen  bridge-bonded  over  tuo  closely  positioned  Ga  atoms.  This 
interpretation  is  consistent  with  the  results  of  Thuault  et  al  MSI. 
They  have  found.  using  photoemission  yield  spectroscopy.  that  a  par¬ 
tially  filled  band  of  Ga-derived  defect  states  present  on  cleaved 
GaAs(IIO)  can  be  removed  by  oxygen  exposure  a3  lou  as  11. 

The  types  of  surface  defects  that  can  give  the  partially  filled  Ga- 
derived  states  observed  by  Thuault  et  al  M5I  and  that  can  easily  form 
the  Ga-O-Ga  bonding  are.  for  example,  surface  As  vacancies  or  Ga  termi¬ 
nated  steps  or  As  vacancies  at  steps.  (This  suggestion  is  supported  by 
the  fol lowing  interatomic  distance:  the  shortest  Ga-Ga  distance  in  Ga-As 
is  3.99  A,  and  the  Ga-Ga  distance  in  the  Ga-O-Ga  unit  of  GajOo  is  3.45 
A.)  The  detailed  nature  of  the  defects  on  cleaved  GaAs(IIO)  surfaces 
remains  to  be  determined  by  other  methodes.  However,  it  is  important  to 
point  out  that  ue  have  obtained  a  signature  of  an  important  class  of 
defects  on  cleaved  GaAs(IIO). 

3.3.5  Discussion  of  the  Possible  Adsorption  riechanisms 

Suggestions  have  been  made  in  the  past  that  the  dissociation  of 
molecular  oxygen  on  GaAs(IIO)  occurs  at  defect  sites  131.  The  identifi¬ 
cation  of  the  lou  coverage  state  of  oxygen  indicates  that  one  important 
(possibly  the  most  important)  class  of  defects  on  GaAs(IIO)  are  passi¬ 
vated  by  oxygen  before  the  major  chemisorption  state  emerges.  This 
observation  suggests  that  the  role  of  defects  in  the  dissociative 
adsorption  of  oxygen  (the  high  coverage  state)  on  GaAs(IIO)  may  be 


insignificant.  Dissociation  of  molecular  oxygen  at  defect  sites  has 
been  proposed  to  control  the  kinetics  of  gas  adsorption  on  many  metal 
surfaces  1161.  In  that  picture  oxygen  molecules  are  dissociated  at 
defect  sites  and  the  dissociated  oxygen  atoms  migrate  away  to  bond  at 
normal  surface  sites  (i.e.>  surface  sites  defined  by  the  ideal  surface 
lattice,  including  reconstruction  or  relaxation  if  that  occurs).  On 
semiconductor  surfaces,  a  picture  with  much  more  localized  reactions  may 
apply.  That  is.  oxygen  molecules  dissociated  at  defect  sites  also  react 
uith  atoms  surrounding  the  defect  sites,  and  thus  leading  to  the  passo- 
vation  of  the  defect  sites  in  the  rest  of  the  adsorption  process.  This 
picture  of  localized  reaction  clearly  applies  to  the  I ou-coverage-ad- 
sorption  state  (section  3.4)  uhich  ue  have  observed  on  GaAs(IIO). 
Although  other  types  of  defects  capable  of  nonlocal ized  dissociation 
reaction  may  exist  on  GaAs(IIO)  without  being  detected,  the  present 
finding  at  least  suggests  that  localized  reaction  of  oxygen  at  defect 
sites  is  important  to  consider. 

Defect  sites  on  semiconductor  surfaces  may  enter  the  oxygen  adsorp¬ 
tion  process  in  another  way.  Hark  et  al  117]  have  proposed  that  defect 
sites  on  GaAs  surfaces  serves  as  the  nucleation  centers  for  the  the  oxi¬ 
dation  process.  In  that  picture  ,  oxygen  molecules  dissociate  and  react 
locally  at  defect  sites,  but  the  heat  of  adsorption  induces  more  defect 
sites  around  these  defect  sites  and  the  oxidation  process  continues  on. 
In  section  4  below  ue  will  show  that  on  sputter-disordered  GaAsdIO) 
surfaces,  where  gross  disorder  is  introduced  such  that  there  are  more 
defect  sites  than  normal  sites,  the  adsorption  of  oxygen  is  separated  in 
two  distinct  steps:  oxygen  first  adsorb  on  defect  (Ga-rich)  regions  to 
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saturation,  and  then  adsorb  on  normal  sites  uith  a  rate  comparable  to 
that  found  on  ordered  GaAs(IIO).  As  explained  in  the  last  subsection, 
the  same  tuo-site  oxygen  adsorption  occurs  on  cleaved,  ordered 
GaAs(IIO),  only  that  the  amount  of  oxygen  adsorbed  on  defect  sites  is 
much  smaller.  Since  the  numbers  of  oxygen  atoms  adsorbed  in  the  first 
step  on  ordered  and  disordered  surfaces  are  proportional  to  the  numbers 
of  defect  sites  that  are  present  on  the  tuo  surfaces  before  oxygen 
adsorption,  it  is  reasonable  to  assume  that  adsorption  on  the  tuo  types 
of  sites  are  independent  of  each  other.  This  suggests  that  the  picture 
of  (lark  et  al  117]  may  be  inappropriate  for  the  adsorption  of  oxygen  on 
GaAsC 1 10) . 

The  above  discussion  uas  meant  to  point  out  that  the  dissociation  of 
oxygen  molecules  does  not  necessarily  occur  through  interactions  uith 
defect  sites.  In  fig.  17-(a)>  a  possible  mechanism  of  dissociating  oxy¬ 
gen  molecules  at  normal  surface  sites  of  GaAs(IIO)  is  suggested.  On 
perfect,  relaxed  GaAs(IIO)  the  most  easily  accesible  electrons  for  imp¬ 
inging  oxygen  molecules  are  those  in  the  As  lone  pairs,  hence  an  imping¬ 
ing  oxygen  molecule  is  forced  to  interact  uith  an  As  lone  pair.  That 
interaction  is  then  assumed  to  lead  to  the  formation  of  a  peroxy  zuit- 
terion,  as  shoun  on  the  left  of  fig  17-(a).  The  peroxy  zuitterion  is 
highly  unstable  because  the  0-0  antibonding  it  orbitals  are  filled.  The 
0-0  bond  thus  breaks  as  the  released  0  atom  simultaneously  bridge  over 
the  As  atom  under  consideration  and  a  nearest-neighbor  surface  Ga;  the 
other  0  atom  at  the  same  time  strengthens  its  bonding  uith  the  As  atom, 
forming  the  As=0  dative  bond  1131.  This  lead3  to  the  oxygen  bonding 
configuration  ue  proposed  in  section  3.3,  uhich  is  shoun  on  the  right  of 
fig  17-(a).  In  fig  17-(b),  ue  shou  the  top  vieu  of  the  proposed  oxygen 
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bonding  oonf iguration.  In  the  top  view,  we  recognize  that  there  are  two 
equivalent  surfae  bonds  for  which  the  released  0  atom  from  the  peroxy 
zwitterion  can  attack.  This  ambivalent  position  of  the  released  2  atom 
from  the  peroxyzuitterion  may  lead  to  a  random  variation  between  1  and  2 
in  the  oxygen  coordination  number  of  surface  Ga  atoms.  Since  the  chemi¬ 
cal  shift  in  Ga-3d  induced  by  oxygen  adsorption  is  not  resolved,  the 
randomness  of  the  oxygen  coordination  of  surface  Ga  is  not  inconsistent 
with  the  experimental  results.  The  oxygen  coordination  number  for  sur¬ 
face  As,  however,  is  fixed  in  this  proposed  adsorption  mechanism,  which 
is  consisten  with  the  constant  value  of  chemical  shift  in  As- 3d  at  vari¬ 
ous  oxygen  coverages. 

In  contrast  to  the  above-proposed  dissociation  mechanism,  if  oxygen 
molecules  dissociate  at  defect  sites  and  then  react  at  normal  sites,  the 
dissociated  0  atoms  would  be  very  reactive  and  would  favor  the  formation 
of  the  Ga-O-As  bond  over  the  As=0  bond  [41;  in  forming  the  Ga-O-As 
bonds,  surface  Ga-As  bonds  may  be  randomly  attacked  to  cause  random  oxy¬ 
gen  coordination  of  surface  As  at  differnet  oxygen  converages,  which  is 
inconsitent  with  the  constant  value  of  chemical  shift  in  As- 3d. 

In  summary,  we  have  proposed  that  oxygen  molecules  dissociate  on 
GaAs(HO)  through  interacting  with  the  As  lone  pairs  of  surface  As. 
This  proposal  is  motivated  by 

i)  one  class  (perhaps  the  most  important  class)  of  defects  on 
GaAs(llO)  are  found  to  be  passivated  before  oxygen  begin  to 
adsorb  on  normal  surface  sites. 
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figure  17:  A  proposed  mechanism  of  the  dissociation  of  oxygen  molecules 
on  GaAsv'110)  surfaces  (a)  and  the  top  view  of  the  proposed 
bonding  model#  showing  that  the  oxygen  coordination  number 
of  surface  Ga  may  vary  between  -1  and  2  (b). 


the  constant  oxygen  coordination  number  of  surface  As  at  dif¬ 
ferent  oxygen  coverages. 
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In  this  section  ue  present  results  of  room  temperature  oxygen  adsorp¬ 
tion  on  GaAs(IIO)  surfaces  disordered  by  inert  ion  (Ar*)  sputtering. 
Sputtering  introduces  both  structural  disorders  (loss  of  LEED  patern) 
and  compositional  imperfection  (loss  of  stoichiometry)  to  GaAs(llO)  sur¬ 
faces.  Oxygen  adsorption  on  disordered  surfaces  tests  the  importance  of 
the  long  range  order  of  the  surface  structure  in  the  oxygen  adsorption 
processes,  when  compared  to  adsorption  on  cleaved  surfaces. 

Tuo  samples  have  been  studied:  one  p-type  sample  (sample  P3,  figures 
18,22)  studied  with  He-1  and  He-II  radiation,  and  one  n-type  sample 
(sample  N6,  figures  19,20)  studied  with  100  eV  synchrotron  radiation. 
Ue  will  first  describe  the  properties  of  the  sputter-disordered  sur¬ 
faces,  as  dedued  from  the  photoemission  spectra  of  these  surfaces  (sec¬ 
tion  4.1).  Oxygen  induced  features  in  the  photoemission  spectra  are 
analyzed  in  section  4.2.  The  oxygen  adsorption  process  on  disordered 
GaAs(IIO)  uill  be  discussed  in  section  4.3. 


SAMPLE  P3,  hv=  21.2  eV 


Figure  18:  He-I  spectra  of  clean,  sputtered,  and  oxygen-exposed  p- 

GaAsCIIO).  The  inset  shows  the  He-I  spectra  of  crystalline 
and  amorphous  GaAs  obtained  by  Shevchik  et.  al .  (181. 
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3.4.1 


The  He-I  spectra  obtained  on  sample  P3  are  shown  in  figure  18.  The 
sputtering  (500  eV  Ar*.  15  minutes)  had  produced  layers  of  well  disor¬ 
dered  GaAs,  as  can  be  seen  by  comparing  the  smearing  of  the  'fine' 
structures  in  the  upper  p-like  band  (in  the  0-5  eV  BE  region,  labeled  I 
in  fig.  18)  and  the  broadening  of  the  s-p  mixed  band  (peak  II  in  fig. 
18,  6.9  eV  BE).  Similar,  but  to  less  degree,  smearing  of  the  valence 
band  features  were  observed  in  the  He-I  spectrum  of  sputter-deposited 
GaAs  (the  upper  curve  in  the  inset  of  figure  18)  obtained  by  Shevchik 
et.  al .  1181.  The  different  degree  of  smearing  could  be  due  to  real 
difference  in  the  properties  of  the  sputter-disordered  surface  in  our 
uork  and  the  sputter-deposited  film  studied  by  Shevchik  et.  al . .  A  high 
stoichiometry  of  the  sputter-deposited  film  was  reported  by  Shevchik  et. 
al . ,  whereas  As  deficiency  is  expected  for  the  sputter-disordered  sur¬ 
face  (figure  19,  to  be  discussed  below). 

The  bottom  curve  fig.  19  shows  the  Ga-3d  and  the  As-3d  levels  of  a 
n-type  sample  cleaved  in  vacuum  and  then  sputtered  with  1  KeV  Ar*  ion 
for  10  min..  (The  spectra  for  the  cleaved  surface  was  not  obtained.)  A 
comparison  of  the  ratio  of  the  areas  under  Ga-3d  and  As-3d  of  the  sput¬ 
tered  surface  to  that  of  a  cleaved  surface  (that  of  fig.  1,  for  example) 
reveals  that  about  -22%  As  in  a  region  near  the  surface  were  lost  during 
(see  table  5  below  for  more  discussion).  However  strong  the  As-defi- 
ciency  may  be,  no  coagulation  of  Ga  atoms  into  droplets  occurs  under  the 
sputtering  conditions  used  here.  This  is  evidenced  by  (1)  the  lack  of 
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Figure  19:  Ga-3d  and  As-3d  levels  of  clean  and  oxygen-exposed  sputter- 
disordered  CaAsHIO).  At  the  10S1  exposure  oxgen  atoms  are 
bonded  to  Ca  only. 
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emission  in  the  energy  region  above  the  valence  band  maximum  and  belou 
the  Fermi  level  in  the  valence  band  spectra  of  sputtered  surfaces  (figs. 
IS,  20,  and  22),  and  (2)  the  lack  of  chemical  shift  in  the  Ga-3d  level 
toward  the  lower  BE  side  (fig.  19,  and  fig.  22  to  be  discussed  below). 
Thus  the  majority  of  Ga  atoms  occupies  tightly  bonded  tetrahedral  sites 
even  at  the  presence  of  a  larger  number  of  As  deficiency.  The  As  defi¬ 
ciency  leaves  behind  simple  As  vacancies  or  sites  with  a  feu  of  the  four 
Ga-As  bonds  to  a  Ga  atom  being  replaced  by  Ga-Ga  wrong  bonds  [18]  or 
both,  since  a  substantial  amount  of  Ga  atoms  in  the  surface  region  are 
seeing  other  Ga  atoms  as  nearest  neighbors.  This  picture  of  the  sput¬ 
tered  surfaces  is  important  in  understanding  the  oxygen  adsorption  proc¬ 
ess  on  disordered  GaAs(IIO). 
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3.4.2  The  DOVS  of  Oxygen-adsorbed  Soutter-di sorriered  Surfaces 


Figure  19  shows  the  effect  of  oxygen  adsorption  on  the  Ga-3d  and  the 
As-3d  levels  of  a  sputter-disordered  surface;  the  spectra  were  taken 
with  100  eV  synchrotron  radiation.  Exposing  the  disordered  surface  to 
10s  L  oxygen  produced  a  significant  amount  asymmetric  broadening  of  the 
Ga-3d  level  toward  the  high  binding  energy  side  (~365{,  table  5.  to  be 
discussed  below),  whereas  no  change  was  induced  in  the  As-3d  level  (cen¬ 
ter  curve,  figure  19).  Me  therefore  have  a  clear-cut  case  in  which  oxy¬ 
gen  is  bonded  to  Ga  but  not  to  As.  Spectra  of  the  0-2p  level  are  pres¬ 
ented  in  figure  20.  With  the  10s  l  exposure,  the  spectrum  represents 
oxygen  bonded  to  Ga  only.  The  oxygen  induced  features  in  this  spectrum 
are  the  broad  peak  at  5.3  eV  and  the  shoulder  at  -10.3  eV  peak. 

As  oxygen  exposure  is  increased  to  10*  l,  a  small  amount  of  shifted 
As-3d  charater istic  of  oxygen  bonding  to  As  also  appeared  (top  curve, 
figure  19),  while  the  broadending  in  the  Ga-3d  level  is  furthered 
increased.  Oxygen  induced  features  do  not  change  significantly.  Me  con¬ 
clude  that  the  10*  L  valence  band  spectrum  in  fig.  20  is  dominated  by 
that  due  to  oxygen  bonded  to  Ga. 

The  oxygen  bonded  to  Ga  atoms  on  disordered  GaAs  surfaces  is  in  a 
form  distinctly  different  from  Ga:03.  In  figure  21  we  compare  the  Ga-3d 
level  and  the  0-2p  level  of  the  disordered  surface  exposed  to  10s  L  oxy¬ 
gen  and  those  of  a  GaAs  surface  oxidized  by  oxygen  plasma  to  Gaz03. 
The  two  spectra  are  ploted  with  the  major  oxygen  peak  aligned.  The  three 
features  associated  with  GazOj  at  5.5,  7.3,  and  9.7  eV  BE  (Appendix  A) 
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Figure  21s  Comparison  of  the  Ga-3d  and  the  valence  band  rgion  of  an 
oxygen-exposed  sputtered-CaAs  to  those  of  GajOj.  Both 
spectra  were  obtained  at  hv=100  eV. 
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are  clearly  seen  in  the  top  curve  of  figure  21.  The  7.3  eV  feature  is 
missing  in  the  spectrum  of  the  disordered  surface.  Another  distinction 
between  the  spectrum  of  oxygen  adsorbed  on  disordered  GaAs(IIO)  and  that 
of  Gaz03  is  in  the  energy  positions  of  the  Ga-3d  level.  Uhen  the  major 
oxygen  peaks  are  aligned  the  Ga-3d  levels  in  the  two  cases  are  seperated 
by  1.7  eV.  As  indicated  in  figure  21.  the  vertical  line  drawn  through 
the  Ga-3d  peak  of  the  GajOj  spectrum  intercepts  little  of  the  Ga-3d  peak 
in  the  spectrum  of  oxygen  adsorbed  on  disordered  GaAs.  Chemical  shift  in 
core  levels,  uhen  applied  to  the  adsorption  problem,  is  ambiguous  in 
distinguishing  between  the  binding  energy  references  of  the  adsorbate 
and  the  In  making  the  comparison  in  figure  21  we  have  suggested  the  use 
of  an  internal  reference,  namely,  the  separation  between  the  nonbonding 
0-2p  peak  and  the  Ga-3d  peak,  to  identify  different  oxygen  bonding 
states.  The  separation  between  the  Ga-3d  peak  and  the  oxygen  peak  in 
the  lower  curve  of  figure  21  is  13.610.2  eV.  The  apparent  peak  position 
of  the  Ga-3d  peak  in  the  spectrum  of  the  sputtered  surface,  however,  is 
determined  by  the  Ga-3d  emission  from  Ga  atoms  not  bonded  to  oxygen, 
because  the  surface  is  only  partially  covered  with  oxygen.  The  Ga-3d 
from  Ga  atoms  bonded  to  oxygen  is  shifted  1  the  high  BE  side  of  the 
substrate  Ga-3d.  The  shift  was  not  resolved  in  either  figure  22  or  fig¬ 
ure  19  Curve  fitting  the  broadened  Ga-3d  peak  after  oxygen  adsorption 
with  two  clean  Ga-3d  components  or  taking  difference  between  the  before 
and  after  adsorption  Ga-3d  spectra  suggests  the  shift  to  be  at  most  0.8 
eV.  The  separation  between  the  Ga-3d  peak  and  the  oxygen  peak  for  oxygen 
adsorbed  on  disordered  GaAs  is  therefore  14.410.2  eV.  The  corresponding 
separation  of  Ga^Os  is  15.310.2  eV.  The  0.9  eV  difference  unambiguously 


distinguish  the  two  forms  of  O-Ga  bonding.  A  parallel  situation  has  been 
reported  for  0-A1  bonding:  the  seperation  between  the  Al-2p  peak  and  the 
oxygen  peak  is  1.3  eV  smaller  for  a  well-defined  chemisorption  phase 
than  that  for  AljOj  (201.  This  parallel  with  the  better  studied  Al-0 
system  seems  to  support  the  appropriateness  of  assigning  one  form  of 
0-Ga  bonding  as  a  chemisorption  phase  and  the  other  form  as  bulk  oxide. 

An  interpretation  of  the  spectrum  of  oxygen  adsorbed  on  disordered 
GaAs  surfaces,  on  the  other  hand,  can  be  offered  by  noticing  both  its 
similarity  to  and  its  differences  with  the  spectrum  of  GajOj.  As  dis¬ 
cussed  in  detail  in  Appendix  A,  the  three  features  in  the  spectrum  of 
Ga203  have  their  orgins  as  the  nonbonding  oxygen  lone  pair  (5.5  eV  BO, 
the  dono-like  bonding  between  an  oxygen  lone  pair  and  an  empty  Ga 
orbital  (7.3  eV  BE),  and  the  Ga-O-Ga  bonding  band  (-9.7  eV  BE).  The 
spectrum  of  O-Ga  on  disordered  GaAs(IIO)  is  essential  the  same  Ga203 
spectrum  with  the  donor-like  bonding  band  missing.  As  pointed  out  in 
Appendix  A,  the  donor-like  bonding  between  oxygen  lone  pairs  and  empty 
Ga  orbitals  can  be  viewed  either  as  the  result  or  as  the  cause  of  the 
high  coordination  number  in  Ga203.  Me  therefore  simply  interpret  the 
spectrum  the  O-Ga  bonding  on  sputter-disordered  GaAs(IIO)  as  due  to  iso¬ 
lated  Ga-O-Ga  units. 

A  similar  spectrum  has  been  observed  on  Ga  metal  at  70®K  by  Schmeis- 
ser  et.  al .  1191.  This  is  seen  in  fig.  22,  where  we  have  displayed  the 
He-II  spectra  of  the  surfaces  of  fig.  18  and  the  spectrum  of  oxygen 
adsorbed  on  Ga  metal  at  70®K  (the  top  curve,  reproduced  from  the  work  of 
Schmeisser  et.  al .  (191).  The  peak  at  5.3  eV  BE  and  the  shoulder  cen¬ 
tered  at  -10.3  eV  BE  developed  after  the  4x10s  L  exposure  on  this  sput- 


52  - 


BINDING  ENERGY  (eV) 


Figure  22:  He-II  spectra  of  the  surfaces  'ig.  1#.  The  top  spectrum 
is  due  to  oxygen  chemisorbed  on  Oa  metr.l  a;  70#K  1191.  Notice  the 
similarity  between  the  tc  spectra. 
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ter-disordered  GaAs(IIO)  are  the  same  as  those  shown  in  fig.  20,  and 
they  also  appear  in  the  spectrum  of  oxygen  adsorbed  on  6a  metal  at  7Q°K 
(top  curve,  fig.  22).  The  spectrum  of  the  chemisorbed  oxygen,  however, 
does  not  show  strong  reminescence  fo  the  multiple  splittings  character¬ 
istic  of  the  0-0  bonding.  Therefore  ue  believe  the  spectrum  observed  by 
Schmeisser  et.  al .  can  also  be  explained  by  dissociated  oxygen  in  the 
Ga-O-Ga  bonding.  The  observation  of  the  same  Ga-O-Ga  chemisorption  form 
on  both  the  crystalline  Ga  surface  and  the  sputter-disordered  GaAstllO) 
surface  is  rather  intriguing.  Exposure  of  Ga  to  oxygen  at  room  tempera¬ 
ture  always  results  in  the  formation  of  Gaz03  [Appendix  A].  This  is 
expected  because  Ga  is  a  liquid  at  room  temperature;  the  condition  is 
comparable  to  high  temperature  oxidation  of  Al  where  Al303  is  always 
formed  [20].  The  high  mobility  of  Ga  at  room  temperature  does  not  allow 
any  intermediate  state  but  the  most  stable  Gaz03  to  form.  At  low  temper¬ 
ature  Ga  metal  is  in  crystalline  form,  the  low  mobility  and  the  close 
packing  of  Ga  may  stablize  the  chemisorption  phase.  As  discussed  in 
section  4.1  above,  the  majority  of  Ga  atoms  occupies  tightly  bonded  tet¬ 
rahedral  sites  even  at  the  presence  of  a  large  As  deficiency,  rather 
than  forming  Ga  clusters.  The  tight  binding  of  the  Ga  atoms  may  present 
an  activation  barrier  against  the  direct  formation  of  Ga303. 

Since  the  sputter-disordered  surface  is  deficient  of  As,  the  prefer¬ 
ential  bonding  of  oxygen  to  Ga  is  not  surprising  as  it  is  expected  from 
elemental  thermodynamics.  The  absence  of  the  formation  of  Gaz03,  how¬ 
ever,  is  rather  intriguing.  Since  even  on  a  disordered  GaAs  surface 
with  a  large  number  of  Ga  atoms  seeing  Ga  atoms  as  next  nearest  neigh¬ 
bors  the  formation  of  Gaz03  is  prohibited,  it  is  very  unlikely  that  room 
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temperature  adsorption  of  oxygen  on  an  cleaved 


ordered  GaAs(IIO) 


surface  can  result  Ga20j  at  the  initial  stage. 

The  chemisorbed  oxygen  on  the  disordered  surface  is  also  different 
from  the  oxygen  adsorbed  at  the  normal  sites  on  cleaved,  ordered  GaAs  at 
room  temperature  (section  3.2.  3.3).  In  figure  23>  ue  compare  the  He-II 
spectra  of  a  cleaved,  ordered  GaAs(IIO)  surface  exposed  to  10*  L  oxygen 
and  a  disordered  surface  exposed  to  4x10*  L  oxygen  (sample  P3,  figure 
22).  The  Ga-3d  peaks  of  the  tuo  cases  are  aligned.  The  major  oxygen 
peak  of  the  ordered  surface  is  4.510.2  eV  below  VBM.  whereas  that  for 
the  disordered  surface  is  5.310.2  eV  below  VBM.  The  relatively  prounced 
10.3  eV  shoulder  appeared  in  the  spectrum  of  the  disordered  surface  is 
insignificant  in  the  spectrum  of  the  ordered  surface.  The  intensity 
which  exists  in  the  region  near  10.3  eV  BE  in  the  spectrum  of  the 
ordered  surface  is  due  to  the  small  amount  of  Ga-O-Ga  bonding  at  defect 
sites  of  the  GaAs(IIO)  surface  (see  section  3.4  above).  Ue  thus  con¬ 
clude  that  the  oxygen  adsorbed  at  the  normal  sites  on  cleaved,  ordered 
GaAs(IIO)  surfaces  does  not  occur  in  the  form  of  Ga-O-Ga  bonding. 
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Figure  23:  Comparison  of  the  Ga-3d  and  the  valence  band  region  of 

oxygen-exposed  sputtered-GaAs  and  cl eaved-GaAsC 1 10) .  Both 
spectra  were  taken  at  hv=40.8  eV  ( He- II). 
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3.4.3 


The  Adsorption  Process  on  Disordered  Surfaces 

Information  revealing  a  different  adsorption  process  on  disordered 
GaAs  surfaces*  based  on  the  results  obtained  on  sample  N6,  are  summa¬ 
rized  in  table  5.  Again,  intensities  of  different  peaks  of  each  treat¬ 
ment  are  normalized  to  the  total  intensity  of  Ga-3d  level.  As  atoms  in 
the  surface  layer  contribute  about  50%  of  the  total  emission  of  the 
As-3d  level  uhen  excited  by  100  eV  photon  (table  1,  section  3.2).  The 
22%  loss  of  As  created  by  sputtering  is  equivalent  to  1/2  of  the  surface 
layer.  This  deficiency  of  As,  however,  is  more  likely  to  be  distributed 
over  a  feu  layers  below  the  surface,  because  the  1  KeV  ion  is  capable  of 
producing  damages  a  feu  lattice  layers  deep  121],  The  value  of  1/2  can 
be  taken  as  an  upper  limit  of  the  deficiency  of  As  in  the  surface  layer. 
Perhaps  the  most  interesting  number  in  table  5  is  the  decrease  in  the 
As-3d  intensity  after  the  10s  L  oxygen  exposure.  The  decrease  of  0.13 
corresponds  to  -1/4  of  the  As  in  the  surface  layer  of  a  stoichiometric 
GaAs(IIO)  surface.  If  the  surface  layer  was  1/2  As  deficient  before  the 
oxygen  adsorption,  the  decrease  is  even  more  significant.  Several  pos¬ 
sibilities  can  account  for  this  decrease: 

i)  shift  of  the  photoelectron  escape  depth  minimum  to  lower 
kinetic  energy  by  oxygen  adsorption,  so  more  Ga  atoms  are  sam¬ 
pled  after  oxygen  adsorption. 

ii)  preferential  attenuation  of  the  As-3d  signal  by  the  oxygen 
over  1 ayer . 
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iii)  depletion  of  As  atoms  from  the  surface  layer  during  the  adsorp 


tion  process. 


«  ... ...  .  ...  .  — 

TABLE  5 


Intensity  changes  in  Ga,  As.  and  oxygen  levels  induced  by  oxygen 
adsorption  on  a  sputter-disordered  CaAs  surface 


T  reatment 

Ga-3d 
(total ) 

Ga-3d 
(shi f  ted) 

As-3d 
(total ) 

As- 2d 
(shi f  ted) 

0-2p 

cleaved 

1.0 

0 

1.0 

0 

0 

sputtered 
(Ar*.  1  KeV, 10 

1.0 

min.  ) 

0 

0.78 

0 

0 

105L  02 

1.0 

0.36 

0.65 

0 

0.20 

10*L  Oi 

1.0 

0.48 

0.64 

0.07 

0.28 

Possibility  (i)  is  not  favored.  because  ue  did  not  observe  an 
increase  in  the  absolute  intensity  of  the  Ga-3d  level  after  oxygen 
adsorption;  instead,  we  observed  an  "125J  decrease  in  the  absolute  inten¬ 
sity  of  the  Ga-3d  level  after  oxygen  exposure,  which  is  reasonable  with 
the  attenuation  by  the  0.3  monolayer  oxygen.  Possibility  Cii)  is 
unlikely  because  oxygen  is  bonded  to  Ga  only.  Two  possible  channels 
exist  for  depleting  As  (possibility  (iii)  above)  during  the  oxygen 
adsorption  process: 

i)  formation  of  As*03  with  loosely  bonded  As  in  the  disordered 
surface  layer,  and  the  subsequent  desorption  of  Asjtlj  by  the 
exothermic  oxidation  energy. 
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ii)  formation  of  the  Ga-O-Ga  bonding  requires  Ga-Ga  nearest  neigh¬ 
bors,  hence  some  As  in  Ga-rich  regions  (i.  e.,  regions  contain¬ 
ing  substantial  amount  of  Ga-Ga  nearest  neighbors  because  of  As 
vacancies  or  Ga-Ga  wrong  bonds  or  both,  see  section  4.1  above 
for  more  rigorous  description)  are  removed  (as  AS2  or  As* ) 
before  O-Ga  bonding  commences;  the  energy  needed  for  the 
removal  of  As  can  be  supplied  by  the  exothermic  adsorption 
energy  from  initial  O-Ga  bondings  in  the  surrounding  Ga-rich 
region. 

Ue  could  not  distinguish  between  the  two  possibilities  from  the  results 
discussed  so  far.  The  important  thing  to  point  out  here  is  that  the 
depletion  of  As  in  the  adsorption  process  on  disordered  surfaces  forms  a 
striking  contrast  to  the  adsorption  on  ordered  surfaces.  The  oxygen 
uptake  on  the  disordered  surface  is  faster  compared  to  that  on  odered 
surfaces  only  initially,  when  all  adsorbed  oxygen  are  bonded  to  Ga.  At 
10’  l  exposure,  the  total  amount  of  oxygen  adsorbed  is  comparable  to 
that  adsorbed  on  ordered  surfaces  using  the  same  oxygen  exposure  (com¬ 
pare  with  Table  1).  Ue  also  notice  the  increasing  oxygen  exposure  from 
10s  L  to  109  L  did  not  introduce  further  loss  of  As.  It  appears  that 
after  the  10’  L  exposure  some  oxygen  were  adsorbed  on  a  number  of 
'normal'  surface  sites  (sites  retaining  the  local  bonding  structure  of 
the  ordered  GaAsUIO)),  because  chemical  shift  in  the  As-3d  level  char¬ 
acteristic  of  oxygen  chemisorbed  on  ordered  surfaces  had  emerged.  Ue 
can  tentatively  separate  the  oxygen  adsorption  process  on  disordered 
GaAs  surfaces  into  two  steps.  Oxygen  are  first  adsorbed  at  sites  with 
Ga-Ga  nearest  neighbors  on  the  disordered  surface  and  this  odsortion 
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quickly  slows  down  as  the  available  sites  for  such  adsorption  decreases. 
Oxygen  atoms  are  then  adsorbed  on  patches  of  normal  GaAs  sites  at  a  rate 
no  faster  than  that  on  ordered  GaAsCl lOlsurf aces.  We  see  no  evidence 
here  that  the  gross  disorders  introduced  by  sputtering  speed  up  the  for¬ 
mation  of  bulk  oxides  (Ga203,  As203). 

As  mentioned  in  section  3.5,  Mark  et.  al .  (171  have  suggested  that 
the  oxidation  of  GaAsUIO)  commences  on  residual  defect  sites  and  prod¬ 
uces  additional  disorder  owing  to  the  release  of  exothermic  adsorption 
energy,  so  that,  as  the  oxidation  progresses,  the  entire  surface  becomes 
disordered.  If  oxygen  adsorbs  only  on  defect  sites,  one  would  expect  to 
observe  the  same  state  of  oxygen,  possibly  Gb*03  and  As303,  being  formed 
on  ordered  and  disordered  surfaces. 

3.5  RESULTS  AND  DISCUSSION  -  EFFECTS  OF  HEAT  TREATMENTS  OF  0XY6EN- 
■CM.LREP.-§g]?JftCSS 

In  this  section  ue  present  results  of  thermal  annealing  experiments. 
The  annealing  was  carried  out  on  surfaces  which  were  adsorbed  with  oxy¬ 
gen  to  various  coverages  at  room  temperature.  Knowledge  of  the  effects 
of  annealing  reveals  the  stability  of  the  room-temperature  O/GaAs(110) 
bonding  and  thus  provides  additional  insights  into  the  room  temperature 
interaction  of  oxygen  with  GaAsClIO). 

A  basic  effect  of  annnealing  is  the  transfer  of  oxygen  from  As  to  Ga 
and  the  loss  of  those  As  atoms  which  are  released  from  the  arsenic-oxy¬ 
gen  bonding  from  the  surface.  In  panels  (a)  and  (b)  of  fig  24,  ue  show, 
respectively,  the  As-3d  and  Ga-3d  core  levels  of  GaAsCl  10)  surface  expo¬ 
sed  to  10,c  L  Oj  Cfl  “0.61  at  room  temperature  and  then  annealed  to  370°C 
for  approximately  30  min..  The  spectra  are  normalised  to  have  equal 
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figure  24:  The  effect  of  annealing  of  a  room  temperature  oxygen-exposed 
surface  at  370°C  for  30  min.  Transfer  of  oxgen  from  As  to 
(panel)  to  Ga  (panel  b)  without  lossing  oxygen  (panel  c)  has 
been  observed.  However,  As  oringinally  bonded  to  oxygen 
leaves  the  surface  after  releasing  its  oxygen  to  Ga.  for 
reference,  panel  d  shows  the  temperature  dependence  of  the 
vapor  pressure  of  the  tuo  forms  of  As* O3. 
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height  for  the  unshifted  As-3d  peaks.  The  sharp  decrease  (by  a  factor 
-6)  in  the  intensity  of  the  shifted  As-3d  (fig  24-(a))  and  the  increase 
in  the  broadening  toward  high  BE  of  the  Ga-3d  (fig  2 4— ( b ) )  are  clear. 
Also  apparent  is  the  increase  in  the  ratio  of  total  intensity  of  Ga-3d 
to  As- 3d.  (This  ratio  is  not  affected  by  the  normalization.)  The 
decrease  in  the  intensity  of  the  shifted  As-3d  approximately  equals  the 
decrease  in  the  total  intensity  of  As-3d.  Thus  only  those  surface  As 
atoms  bonded  to  oxygen  after  room  temperature  adsorption  are  lost  from 
the  surface  during  annealing.  On  the  other  hand,  the  0-1s  intensity  is 
seen  in  fig  24-(c)  to  show  no  detectable  change  after  annealing,  indi¬ 
cating  that  no  desorption  of  oxygen  has  occured  during  annealing. 

In  fig  25,  we  show  the  effects  of  annealing  to  250aC  for  30  min.  on 
another  surface  exposed  to  -10' 1  L  0*  (6“0.75).  The  decrease  in  the 
intensity  of  the  shifted  As-3d  and  the  increase  in  the  broadening  touard 
high  BE  side  of  the  Ga-3d  after  annealing  is  much  less  prounced  than 
that  caused  by  the  3508C  anneal  (fig  24).  This  suggests  that  the  arsen¬ 
ic-oxygen  bonding  formed  by  room  temperature  adsorption  of  oxygen  on 
GaAs(IIO)  is  rather  stable  at  250®C.  This  is  consistent  with  the  pres¬ 
ence  of  As=0  bond  (section  3.3),  because  the  As=0  bond  in  AsjO*  becomes 
unstable  only  at  temperatures  above  315®C  [221. 

On  the  other  hand,  the  results  in  figs.  24  and  25  are  inconsistent 
with  the  presence  of  AszOa  after  room  temperature  adsorption.  If  the 
chemically  shifted  As-3d  were  to  be  interpreted  as  due  to  AS2O3,  there 
would  be  two  competing  channels  to  remove  AszOj  at  elevated  tempera¬ 
tures  :  one  is  the  evaporation  of  AsjOa,  and  the  other  is  the  reaction 
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of  AS2O3  with  substrate  GaAs  to  form  Ga2Q3.  In  fig  24- C d )  we  show  the 
variation  of  vapor  pressure  with  temperature  of  the  two  crystalline 
forms  of  AsjOs  1231.  These  curves  indicate  high  volatility  of  As203  at 
room  temperature  and  above.  In  particular,  by  using  the  extrapolated 
values  of  vapor  pressure  at  250°C  and  370*C,  and  by  using  an  unusually 
low  evaporation  coefficient  of  -  10"y  1241,  evaporation  rates  of 
"1x10,*molecules/cm*-sec  and  7. 5x10* 5mol ecles/cm2-sec  are  found  at  250°C 
and  370°C,  respectively.  With  these  evaporation  rates,  it  requires  only 
0.1  sec  to  evaporate  a  monolayer  (10,4molecules/cm2)  of  As2o3  at  370°C 
and  10  sec  at  250#C.  The  absence  of  desorption  of  oxygen  is  possible 
only  if  the  reaction  of  As203  with  GaAs  to  form  Ga203  is  much  faster 
than  the  evaporation  of  As202  and  the  shifted  As- 3d  disappears  com¬ 
pletely  in  0.1  -  10  sec  after  anneal.  However,  the  chemically  shifted 
As- 3d  did  not  disappear  completely  (figs  24  and  25)  after  holding  the 
sample  at  either  250°C  or  370°C  for  30  min..  The  shifted  As- 3d  remained 
after  the  250°0  anneal  is  about  90%  of  the  original  intensity  and  that 
remained  after  the  370#C  anneal  is  about  one-sixth  of  the  original 
intensity.  It  is  hard  to  explain  why  such  significant  amount  of  As202 
which  escaped  transforming  into  Ga203  by  heating  could  stay  on  the  sur¬ 
face  without  being  evaporated  away.  The  interpretation  of  the  chemical 
shift  in  As-3d  as  due  to  As203  is  thus  considered  highly  improbable. 

The  end  product  of  the  annealing  process  can  be  determined  by  combin¬ 
ing  results  from  the  valence  band  spectra  and  the  results  from  the  core 
level  spectra  described  above.  In  fig  26  and  27,  we  show  He-11  spectra 
of  a  GaAs(IIO)  surface  subjected  to  programed  temperature  treatments  (in 
which  the  sample  was  raised  to  successively  high  temperatures)  after  the 
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Figure  26*.  Effects  of  annealing  of  a  room  temperature  oxygen-exposed  n- 
GaAs(llO)  in  the  temperature  range  of  50-200  *C.  The  sample 
was  held  at  each  temperature  for  10  minutes.  Spectra  were 
taken  at  hv  =40.8  eV  (He-II).  The  bottom  curve  is  the 
spectrum  of  the  clean  surface. 


room  temperature  exposure.  The  temperature  increment  is  50®C  and  the 
annealing  time  at  each  temperature  was  -10  min..  Different  changes 
induced  by  annealing  in  the  valence  spectra  are  seen  in  the  lou  tempera¬ 
ture  range  (50*0  -  200° C>  and  the  high  temperature  range  (250#C 

450*0.  hence  they  are  separately  displayed  in  figs.  26  and  27.  The 
major  change  produced  by  annealing  in  Fig  26  is  the  removal  of  intensity 
from  the  region  at  -10.3  eV  BE.  This  effect  is  noticable  at  50°C  and  is 
about  complete  at  200*0.  The  major  effect  of  annealing  at  higher  temp¬ 
eratures.  as  seen  in  fig.  27, is  the  development  of  a  neu  feature  in  the 
8-10  eV  8E  region.  This  effect  is  noticable  at  250*C  and  becomes  very 
pronounced  at  450*0.  At  480*0,  all  oxygen  desorb  and  the  surface  is 
heat-cleaned. 

The  annealing  effects  in  the  DOVS'  are  more  closely  examied  in  fig. 
28.  In  panel  (a),  the  200*0  spectrum  is  substracted  from  the  room  temp¬ 
erature  spectrum,  and  the  difference  is  displayed  at  the  bottom.  The 
difference  is  noisy,  but  tuo  features  at  -5.5  eV  and  10.5  eV  BE  are  dis- 
cernable.  These  binding  energies  are  the  same  as  those  found  for  the 
lou  coverage  state  oxygen  in  section  3.4.  Thus  oxygen  adsorbed  at  the 
defect  sites  of  GaAsdlO)  desorb  at  temperatures  between  150®C  and 
200*C.  The  binding  energies  of  the  tuo  features  in  the  difference  curve 
of  fig.  28-(a)  are  also  the  same  as  those  of  the  Ga-O-Ga  bonding  com¬ 
plexes  found  on  the  sputter-disordered  GaAs  surfaces  (section  4).  Me 
therfore  propose  the  lou  coverage  state  of  oxygen  to  be  in  the  Ga-O-Ga 
bonding  form.  This  proposal  is  consistent  uith  its  lou  desorption  temp¬ 
erature,  because  Ga*0.  which  is  essentially  an  isolated  Ga-O-Ga  bonding 
unit,  is  known  to  be  highly  volatile. 


Figure  27:  Effects  of  annealing  of  the  surface  of  fig.  26  in 
temperature  range  250-450  #C.  The  sample  was  held  al 
temperature  for  10  minutes.  The  top  spectrum  shous  1 
surface  being  heat-cleaned  after  heating  at  480#C. 
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In  panel  (b>  of  fig  23.  we  have  obtained  the  differnece  curve  between 
the  350°C  spectrum  and  the  clean  spectrum.  The  difference  curve  bears 
clear  resemblance  to  the  OOVS  of  Ga203  (fig.  13,  section  3.2).  Hence 
the  new  feature  developed  in  the  8-10  eV  BE  region  observed  in  fig.  27 
is  due  to  the  formation  of  Ga203.  Fig.  27  also  indicates  that  the  for¬ 
mation  of  0a203  is  significant  only  at  temperatures  above  300°C,  which 
is  consistent  with  the  conclusion  drawn  from  comparing  figs.  24  and  25. 

It  is  also  interesting  to  notice  the  difference  in  binding  energies 
of  the  features  in  panel  (a)  and  those  of  the  difference  curve  in  panel 
(b).  The  difference  is  consistent  with  the  comparison  made  in  fig  21 
between  Ga-O-Ga  and  Ga203. 

In  fig.  27,  an  additional  change  in  the  DOVS  is  seen  to  have  occured 
at  450° C s  the  nonbonding  oxygen  peak  shifted  to  higher  binding  energy. 

Ue  also  notice  that  a  considerable  amount  of  oxygen  desorb  at  450°C  such 
that  the  oxygen  coverage  after  the  450®C  anneal  is  low.  The  same  shift 
in  oxygen  nonbonding  peak  is  also  produced  by  going  directly  to  an 
annealing  temperature  on  a  lou  oxygen  coverage  surface.  In  fig.  29,  ue 
show  sample  P2  exposed  to  107  l  02  (8*0.15)  at  room  temperature  and  then 
annealed  at  350°C  for  30  min..  Since  lou  oxygen  coverage  is  a  common 
factor  in  the  two  cases,  ue  suggest  that  the  450°C  spectrum  in  fig.  27 
or  the  after-anneal  spectrum  in  fig.  29  represents  OOVS  of  oxygen-defi¬ 
cient  gallium  oxide,  i.e.,  Ga203-x>  with  the  value  of  x  between  1  and  2. 
At  high  temperature  (450*C  -  480*0,  the  desorption  is  likely  to  occur 
through  the  reduction  reaction 
Ga203  ♦  4  Ga  -*  3  Ga20  t 


-  98  - 


Figure  2$:  Difference  curves  between  before  and  after  heating  (a) 
Difference  curve  (the  bottom  curve)  obtained  by  substracting  the  200*C 
(dashed)  from  the  room-temperature  spectrum  (dotted).  It  shows  that  the 
oxygen  adsorbed  at  defect  sites  of  GaAsOJO)  desorbs  at  -2008C.  (b) 

Difference  curve  (the  bottom  curve)  between  the  3S0°C  spectrum  (dotted) 
and  the  clean-surface  spectrum  (dashed).  The  resemblance  of  the 
difference  curve  to  the  spectrum  of  Ca*03  indicates  the  formation  of 
CajOj  by  annealing  to  temperature  )300*C. 
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Before  complete  desorption  of  oxygen  occurs,  it  is  possible  that  some 
oxide  intermediate  between  Ga203  and  Ga20  may  be  on  the  surface  which  is 
less  volatile  than  Ga20.  For  surfaces  initially  covered  with  small 
amount  of  oxygen,  annealing  brings  nearby  oxygen  to  form  Ga203-x,  but 
Ga203  cannot  be  formed  because  of  the  deficiency  of  oxygen  at  a  particu¬ 
lar  site  on  the  surface.  This  result  of  annealing  of  low  oxygen  cover¬ 
age  surface  is  in  fact  an  evidence  against  the  picture  that  oxygen 
adsorb  in  patches  or  islands  on  GaAs(IIO). 

When  the  heat-cleaned  surface  of  sample  N8  is  re-exposed  to  oxygen, 
the  same  Ga-O-Ga  state  as  that  observed  on  sputter-disordered  surface  is 
found.  This  is  shown  in  fig.  30,  where  two  oxygen  features  at  5.3  eV 
and  at  10.3  eV  BE  are  clearly  seen.  The  amount  of  oxygen  adsorbed  in 
the  Ga-O-Ga  form  on  heat-cleaned  surface  is  smaller  than  that  found  on 
sputter-disordered  surfaces  but  is  far  higher  than  that  found  on  cleaved 
surfaces.  Since  heating  is  expected  produce  As  deficiency  in  the  sur¬ 
face  region,  the  results  shown  in  fig.  30  again  reinforce  the  impor¬ 
tance  of  removing  As  before  forming  the  Ga-O-Ga  bonding  units. 

In  all  the  above  annealing  experiments,  temperature  was  slowly 
(S5#C/min)  brought  up  to  the  annealing  temperature  and  then  kept  at  that 
temperature  for  the  indicated  time.  Only  slight  increases  in  the  back¬ 
ground  pressure  were  detected  during  annealing.  On  two  other  surfaces, 
where  we  have  attempted  to  heat  to  higher  temperatures  with  faster  rates 
(22Q#C/min  for  T230Q#C),  heatings  were  terminated  immediately  after 
sharp  pressure  rises  were  detected.  Although  no  mass-spectrometric 
measurement  was  done,  the  photoelectron  spectroscopic  measurements  of 
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Figure  29:  Annealing  of  a  lou  oxygen  coverage  surface  to  350®C.  The 
changes  seen  here  are  the  same  as  that  observed  between  annealing  at 
400®c  and  at  450®C  of  a  high  oxygen  coverage  surface  (fig.  27). 
Spectra  were  taken  ai  hv=30  eV. 


the  resulting  surfaces  indicate  that,  as  will  be  discussed  below,  the 
sharp  pressure  rises  could  well  be  correlated  to  desorption  of  As  and 
oxygen  from  the  sample  surfaces,  and  did  ,ot  correspond  to  any  outgass- 
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figure  30:  Re-exposure  of  the  heat-cleaned  surface  of  fig,  27  to 
oxygen.  Spectra  were  taken  at  hv=40.3  eV. 
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ing  of  other  surfaces  in  the  vacuum  chamber.  In  one  case,  substantial 
transformation  of  oxygen  from  As  to  Ga  was  also  observed  in  addition  to 
the  desorption  of  As  and  oxygen.  Such  complication  reflects  the  lack  of 
accurate  control  in  the  heating  rate  in  our  experiments.  Better  control 
of  the  heating  rate  and  and  systematic  search  for  effects  due  to  differ¬ 
ent  heating  rates  should  be  of  great  interest  in  the  future.  However, 
in  the  other  case,  little  transformation  of  oxygen  from  As  to  Ga  was 
observed  to  accompany  the  desorption.  Results  from  this  latter  case 
clearly  contrast  the  results  from  the  annealing  experiment  we  just  dis¬ 
cussed,  hence  they  will  be  presented  below. 

In  fig.  31,  we  show  core  level  spectra  of  a  GaAs(IIO)  surface  exposed 
to  10’L  02(8*0.5)  at  room  temperature  and  then  heated  at  a  relatively 
rapid  rate  to  430°C.  The  curve  with  heavy  dots  in  fig.  31  shows  the  nor¬ 
mally  observed  chemically  shifted  As-3d  and  the  broadening  in  the  Ga-3d 
after  room  temperature  adsorption.  The  spectrum  taken  after  heating  to 
430°C  shows  complete  disappearance  of  the  shifted  As- 3d.  But  in  con¬ 
trast  to  the  results  shown  in  fig.  24,  there  is  only  a  barely  detectable 
increase  in  the  broadening  in  the  Ga-3d.  The  0-1s  intensity,  as  shown 
in  the  inset  of  fig.  31.  decreased  by  a  factor  close  to  two.  The  total 
intensity  of  As-3d  decreased  by  approximately  *55C  which  is  equal  to  the 
percent  shifted  As-3d  before  heating.  The  decrease  in  intensity  of  0-1s 
and  As-3d  in  conjunction  with  the  pressure  burst  detected  immediately 
prior  to  the  termination  of  heating  are  strong  indications  of  desorption 
of  both  oxygen  and  As  from  the  sample  surface.  The  slight  increase  in 
the  broadening  in  Ga-3d  and  the  small  deviation  of  the  oxygen  intensity 
ratio  from  two  is  attributed  to  a  small  amount  of  oxygen  transformed 
from  As  to  Ga  before  the  termination  of  the  heating. 
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Figure  31:  The  effect  of  fast-heating  of  a  room-temperature  oxygen- 
exposed  surface  to  -430#C.  In  contrast  to  the  effect  of 
annealing  at  370°C  and  at  250*0  (figs.  24  and  25).  a 
decrease  of  about  a  factor  of  two  is  seen  in  the  0-1s 
intensity  (inset)  and  the  shifted  As-3d  disappeared  without 
appreciable  change  in  either  the  unshifted  As-3d  or  the 
Ca-3d. 


The  result  of  fig.  31  is  not  inconsistent  with  the  oxygen  bonding 
model  we  proposed  in  section  3.3.  In  fig.  32>  we  show  on  the  left  the 
proposed  oxygen  bonding  in  a  zig-zag  chain  in  the  (110)  surface.  After 
fast  heating  to  430#C,  the  As=0  units  desorb  from  the  surface  as  AsO 
molecules,  and  oxygen  atoms  originally  bridged  over  Ga  and  As  now  bridge 
over  two  neighboring  Ga,  as  displayed  on  the  right  of  fig.  32.  The 
transformation  shown  in  fig.  32  makes  the  number  of  chemically  affected 
Ga  atoms  unchanged  after  heating,  and  hence  gives  little  change  in  the 
amount  of  broadening  in  Ga-3d  after  heating.  The  value  of  chemical 
shift  in  Ga-3d,  however,  should  increase  after  heating,  because  each  Ga 
bonds  to  one  oxygen  before  heating  and  bonds  to  two  after  heating.  This 
increase  in  the  value  of  chemical  shift  may  be  small,  because  Ga  atoms 
are  required  to  supply  more  charges  to  0  in  Ga-O-As  bridges  than  in  Ga- 
O-Ga  bridges.  The  increased  oxygen  coordination  number  and  the 
decreased  charge-transf er-per-oxygen-atom  compensate  each  other  to  give 
a  small  net  increase  in  the  shift  in  Ga-3d,  which  may  well  escape  our 
derection.  Inclusion  of  valence  band  spectra  in  future  studies  of  heat¬ 
ing-rate-dependent-effects  may  give  more  unambiguous  informations. 
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Figure  32:  Changes  of  the  proposed  0/GaAs(110)  bonding  under  fast 
heating . 

3.6  SUMMARY 

In  summary,  ue  have  made  detailed  analyses  of  the  OOVS  o 
0/GaAs(110).  Through  the  coverage  dependence  of  the  OOVS,  tuo  differen 
forms  of  oxygen  have  been  identified. 
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Adsorption  in  the  first  form  saturates  at  a  low  coverage  (-0.01 
monolayer),  and  is  suggested  to  occur  at  defect  sites  with  As  deficiency 
in  the  form  of  Ga-O-Ca.  The  first  form  of  oxygen  desorb  at  -150#C, 
which  is  further  support  for  the  proposal  that  this  form  is  in  a  bonding 
configuration  closely  resembles  the  highly  volatile  species  Ga20. 

Adsorption  in  the  second  form  emerges  after  the  saturation  of  the 
*  first  form,  and  produces  well  resolved  shift  in  the  As-3d  (AE=3.0  eV) 
and  broadening  in  the  6a-3d.  The  second  form  contains  both  nonbridging 
oxygen  (As=0)  and  bridging  oxygen  (Ga-O-As)  and  is  suggested  to  be  in  a 
Ga-0-As=0  unit  (fig.  15).  This  suggested  model  is  based  on 

i)  the  detailed  interpretation  of  the  DOVS  of  0/GaAs(110);  in  par- 
ticualr,  the  interpretation  has  been  substantiated  by  the  com¬ 
parison  with  the  experimental  DOVS'  of  As203  and  Ga203  (section 
3.3), 

ii)  the  stability  of  the  arsenic-oxygen  bonding  under  thermal 
annealing,  which  has  been  found  to  be  consistent  with  the  known 
stability  of  the  As=0  bond  (section  5), 

iii)  the  constant  chemical  shift  in  the  As-3d  at  oxygen  coverages 
below  one  monolayer,  which  is  consistent  with  the  fixed  oxygen 
coordination  of  As  in  this  model, 

iv)  the  small  shift  in  the  Ga-3d  at  oxygen  coverages  below  one  mon¬ 
olayer,  which  is  consisten  with  the  low  oxygen  coordination 
number  of  Ga  in  this  mode), 

and 
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v)  its  successful  explanation  of  the  dissociation  of  oxygen  mole¬ 
cules  without  invoking  the  dissociation  at  defect  sites  (sec¬ 
tion  5. 5). 


Adsorption  of  oxygen  on  sputter-di sordered  Ga-rich  GaAs(IIO)  surfaces 
has  been  found  to  proceed  in  the  same  tuo-stage  process  as  that  found  on 
ordered  GaAs(llO),  only  the  relative  concentration  of  the  two  forms  of 
oxygen  are  reversed  in  the  two  cases  according  to  the  relative  concen¬ 
tration  of  defect  sites  and  normal  sites  on  the  two  surfaces.  This  sug¬ 
gests  that  the  adsorption  on  defect  sites  and  the  adsorption  on  normal 

sites  are  independent  of  each  other.  The  picture  that  adsorption 

nucleates  at  defect'  sites  and  propogates  through  adsorption-induced 
defect  sites  may  not  be  appropriate  for  the  room  temperature  adsorption 
of  oxygen  on  GaAs(llO). 

On  either  ordered  or  disordered  surface,  direct  formation  of  Gaz03  is 
not  possible  due  to  the  activation  barrier  to  bring  Ga  atoms  together. 
The  possibility  of  the  formation  of  As:03  by  room  temperature  adsorption 
of  oxygen  on  GaAs(llO)  has  also  been  definitively  ruled  out  by  the 
annealing  experiments.  The  picture  that  room  temperature  adsorption  of 
oxygen  on  GaAs(llO)  produces  islands  of  Gaz03  and  As*03  is  therefore 
considered  inappropriate. 

This  work  has  demonstrated  that  many  critical  informations  can 
obtained  from  careful  examination  of  the  GOVS'.  It  is  therefore  hoped 
that  further  theretial  calculatios  will  be  carried  to  allow  more  defini¬ 
tive  interpretations  of  the  GOVS'. 
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transition  from  condensed  to  vapor  phase;  p*  is  the  vapor  pressure 
of  the  evaporant;  p  is  the  hydrostatic  pressure  of  the  return  flux. 
With  av=10'7,  p*=  1  atm  at  T=643®K,  p*-p*p*,  ue  obtain 
R»v=7.5x10,smolecules/cm*-sec.  As  stated  in  the  text,  1  monolayer 
As203  can  be  evaporated  in  0.1  sec.  For  the  -0.065  monolayer  of 
chemically  affected  As  atom  to  survive  heating  at  370°C  for  30  min, 
as  is  the  case  show  in  fig.  24,  oy  has  to  be  smaller  than  SkIO*11 
Such  a  small  evaporation  coefficient  is  not  found  to  our  knouledge. 
[L.  I.  Maissel  and  R.  Glang,  Handbook  of  Thin  Films  (McGrau  Hill, 
Neu  York,  1970)  Chap.  II  In  general,  the  evaporation  coefficient  is 
smaller  uhen  polymerization  is  involved  in  the  vaporization 
process.  For  example,  the  evaporation  coefficient  of  As  has  been 
measured  to  be  8.3x10’s  (M.  B.  Douell,  J.  Chem.  Phys.  66. 
1875(1977)1,  uhere  'polymerization'  to  AS2  ens  As»  are  required. 

For  AsjOj  in  either  the  arsenolite  or  the  claudetite  form,  units  of 
As*0*  are  clearly  distinguishable,  hence  no  polymerization  is 
necessary  uhen  vaporized  into  Ass0«  molecules.  Therefore  ue  have 
no  reason  to  expect  the  evaporation  coeficient  of  AsjOj  to  be  much 
louer  than  1 0 ' 
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3.7  APPENDIX  A:  PHOTOEI1I  SSI  ON  STUDIES  OF  THE  ELECTROIC  STRUCTURE  OF 
SAzfla 

Me  present  here  UPS  spectra  of  Ga203.  which  was  formed  by  room  temp¬ 
erature  oxidation  of  in  situ  evaporated  Ga  thin  film. 

Experiments  were  performed  in  a  stainless  steel  ultra  high  vacuum 
chamber  with  base  pressure  -10‘10  torr.  Ga  metal  was  deposited  on  an  in 
si tu  cleaved  GaAs(IIO)  surface.  The  thickness  of  the  Ga  film  was  about 
100  A.  as  determined  by  a  quartz  crystal  thickness  monitor.  Oxygen  expo¬ 
sures  were  made  by  leaking  in  research  grade  oxygen  through  a  bakable 
leak  valve.  Oxygen  pressure  was  monitored  by  a  Redhead  cold  cathode 
gauge  and  a  Varian  860  cold  cathode  gauge.  The  light  source  used  was 
synchrotron  radiation  from  the  8®  line  of  the  Stanford  Synchrotron  Radi¬ 
ation  Laboratory  (SSRL).  Photoelectrons  were  energy  analyzed  with  a 
double  pass  cylindrical  mirrror  analyzer.  The  combined  monochromator- 
analyzer  resolution  for  30  eV  photon  energy  is  0.3  ev. 

Fig.  33  gives  an  overview  of  the  spectra,  displayed  vertically  with 
oxygen  exposures  indicated  with  each  spectrum.  The  spectrum  of  clean  Ga 
shows  a  featureless  valence  band  and  spin-orbit  splitted  Ga-3d  levels. 
Mith  100  L  oxygen  exposure,  only  a  weak  oxygen  induced  feature  is  seen 
in  the  valence  band  region  and  little  change  occured  to  the  Ga-3d  lev¬ 
els.  Mith  10®  L  exposure,  a  chemically  shifted  Ga-3d  appeared  and 
strong  oxygen  induced  features  appeared  in  the  valence  band  region.  The 
adsorption  of  oxygen  appears  to  have  saturated  at  10®  L  exposure, 
because  no  significant  change  is  seen  in  the  spectra  of  higher  exposures 
(10*  L  and  10*  L). 


Ill 


N(E)  (arbitrary  units) 


BINDING  ENERGY  (eV) 


Figure  33:  Photoemission  spectra  of  clean  and  oxygen-exposed  Ca  taken 
at  hv=32  eV. 
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Details  of  the  density  of  valence  states  (DOVS)  of  oxidized  Ga  are 
shown  in  fig.  34.  The  upper  curve  is  a  blow-up  of  the  valence  band 
region  of  the  2x10*  L  spectrum  of  fig.  33,  with  the  smooth,  featureless 
secondary  electron  background  indicated.  The  lower  curve  shows  the  DOVS 
after  removing  the  background.  There  are  three  features  in  the  DOVS  at 
5.6,  7.7,  and  10.5  eV  below  the  Fermi  level  of  the  underlying  Ga,  in 
good  agreement  with  the  results  obtained  by  Bachrach  at  130  eV  photon 
energy  (11.  These  fetures  are  labeled  I,  II.  III.  and  IV  in  fig.  2  in 
the  order  of  increasing  binding  energy. 

Since  the  oxidation  of  Ga  was  carried  out  near  the  melting  point  of 
Ga,  ue  can  consider  it  being  an  equivalent-high-temperature  oxidation 
process,  and  can  expect  the  direct  formation  of  Ga203.  With  this 
assumption,  the  three  features  in  the  DOVS  of  oxidized  Ga  can  be  under¬ 
stood  by  following  the  tight  binding  analysis  of  the  electronic  struc¬ 
ture  of  Al203  by  Reilly  (21.  The  a-form  (corundum)  crystalline  AI203 
and  Ga203  are  isomorphic.  In  such  a  structure  (31  each  Ga  atom  is  at 
the  center  of  a  distorted  octahedron  of  oxygen  atoms,  with  three  oxygen 
closer  to  the  Ga  atom  than  the  other  three.  Each  Ga  atom  is  thus 
expected  to  bond  strongly  with  three  0's  and  weakly  with  three  other. 
Each  oxygen  atom  is  surrounded  by  four  Ga's.  bonding  strongly  to  two  and 
interacting  weakly  with  the  other  two.  The  three  oxygen  atoms  that  are 
strongly  bonded  to  a  center  Ga  can  be  considered  approximatel y  at  three 
corners  of  a  tetrahedron  enclosing  that  Ga.  Ue  can  thus  form  sp3 
hybrids  on  each  Ga,  with  three  hybrids  participating  in  bonding  to  three 
0's  and  one  hybrid  left  empty.  For  an  oxygen  atom  in  a  Ga-O-Ga  bridge- 
bonding  position,  only  two  of  the  three  p-orbita?s  participate  in  Go-0 
bondings  the  third  p-orbital  which  is  perpendicular  to  the  plane 
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Figure  34:  Blou-ups  of  the  valence  band  region  of  the  2x104l  spectrum 

of  fig.  33,  uith  the  featureless  background  due  to  secondary 
electrons  indicated  (the  center  curve).  The  bottom  curve 
shows  the  spectrum  uith  the  background  removed;  origins  of 
the  features  in  the  spectrum  are  also  indicated.  The  inset 
shous  the  valence  band  spectrum  of  AI2O3  l 51  for  comparison. 


containing  the  Ga-O-Ga  angle  remains  non-bonding  and  forms  a  doubly-oc¬ 
cupied  lone  pair.  The  oxygen  lone  pair  interacts  with  the  empty  sp3 
orbital  on  a  nearby  Ga  atom  and  lowers  its  energy.  Because  the  oxygen 
lone  pair  and  the  Ga  empty  orbital  point  to  each  other  at  an  angle,  the 
interaction  is  expected  to  be  weak.  In  addition,  not  all  oxygen  lone 
pairs  can  find  available  Ga  empty  orbital;  only  two  of  the  three  oxygen 
atoms  in  the  GajOj  unit  can  have  such  interaction,  an  oxygen  lone  pair 
remains  intact  on  the  third  oxygen  atom.  Origins  cf  the  three  features 
in  the  DOVS  can  now  be  assigned:  feature  I,  the  one  with  the  lowest 
binding  energy,  is  due  to  non-bonding  oxygen  lone  pairs,  feature  II  is 
due  to  the  weak  interaction  between  the  oxygen  lone  pair  and  the  empty 
Ga  orbital,  and  feature  III  is  due  to  bonding  electrons  in  the  Ga-O-Ga 
bonding  unit. 

There  is  one  aspect  of  the  OOVS  in  discordance  with  the  above  simpli¬ 
fied  picture.  In  that  picture,  the  ratio  of  non-bonding  -.weak- 
bond  ing  '.bonding  electrons  is  expected  to  be  1:2:6.  Such  a  ratio  is  cer¬ 
tainly  not  indicated  by  the  OOVS  in  fig.  34.  Part  of  this  deviation  can 
be  explained  by  the  matrix  elements  of  the  photoionization  process. 
8and  I  is  purely  p  in  character,  whereas  band  II  and  III  have  considera¬ 
ble  s  character,  it  is  thus  possible  to  have  band  I  pref erenti al  1  y 
enhanced  at  this  photon  energy.  Another  possible  explanation  is  the 
deviation  from  the  corundum  structure.  In  the  0-form  of  the  gallium 
sesquioxide  (4],  Ga  atoms  occupy  two  sets  of  crystal logrsphic  nonequiva¬ 
lent  sites:  half  of  the  Ga  atoms  occupy  ocatahedral  sites  and  the  other 
half  occupies  tetrahedral  sites.  Thus  the  average  coordination  of  Ga 
atoms  in  Q-GajOj  are  reduced  compared  to  ci-GsjOj.  This  tends  to  reduce 
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the  interactions  between  oxygen  lone  pair  and  enpty  Ga  orbital.  In 
fact,  detailed  structural  studies  of  B-Ga203  have  shown  three  nonequiva¬ 
lent  oxygen  atoms  in  the  GazOj  unit,  and  careful  examination  of  the  dif¬ 
ferent  Ga-0  bond  lengths  has  led  to  the  conclusion  that  only  one  of  the 
three  0's  has  a  bond  order  greater  than  two.  Namely,  only  one  of  the 
three  oxygen  lone  pairs  interacts  with  empty  Ga  orbitals  and  lowers  its 
energy.  This  brings  the  ratio  of  non-bonding,  ueak-bonding ,  ano  bonding 
electrons  to  2:1:6.  This  ratio  is  closer  to  that  can  be  deduced  from 
the  experimental  OOVS  in  fig.  34.  Thermodynamic  measurements  show  the 
BGa203  to  be  more  stable  at  room  temperature  141.  It  is  thus  likely 
that  B-form-like  structure  was  produced  by  the  room  temperature  oxida¬ 
tion  of  Ga.  It  is  also  possible  that  ue  have  obtained  disordered  oxide 
layer  which  contains  both  B-like  and  a-like  local  order.  The  broad 
bonding  band  (band  III)  in  the  experimental  DOVS  also  suggests  the  for¬ 
mation  of  either  B-like  or  a  disordered  layer.  This  is  because  the 
bonding  band  should  be  splitted  into  a  o-band  and  a  m-band  if  only  a 
single  value  of  Ga-O-Ga  angle  exists,  as  is  the  case  for  a-form  Ga20a; 
there  are,  however,  three  different  Gs-O-Ga  angles  in  the  B-form  60203, 
and  a  random  variation  of  the  Ga-O-Ga  angle  may  occur  in  noncrystalline 
Ga203,  which  tend  to  smear  the  splitting. 

In  the  inset  of  fig.  34,  ue  show  the  experimental  OOVS  of  AI2O3  for 
comparison  [51.  The  spectrum  was  obtained  by  Balzarotti  and  Bianconi 
[51  using  Al-Ka  radiation.  There  are  also  three  bands  in  the  OOVS.  The 
energy  positions  of  the  bands  agree  semiquanti tati vel y  with  the  tight 
binding  calculation  of  Reilly  [21.  This  gives  indirect  support  to  the 
assignments  of  the  origins  of  the  bands  in  the  OOVS  of  Cr.zQi.  The  fact 
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that  the  strength  of  the  weak-bonding  band  is  comparable  to  that  of  the 
non-bonding  band  is  consistent  with  higher  crossection  for  the  s-elec- 
trons  at  Al-Ka  radiation.  The  larger  splitting  between  the  non-bonding 
band  and  bonding  bands  in  the  AI2O3  DOVS  merely  reflects  the  fact  that 
the  cohesive  energy  of  A^Oa  is  higher  than  that  of  CajOj. 

The  existence  of  a  weak  bonding  band  in  addition  to  a  non-bonding 
band  and  a  bonding  band  is  a  unique  feature  of  the  oxides  of  column  III 
metals.  This  is  a  direct  manifest  of  the  existence  of  oxygen  atoms  with 
bonding  order  greater  than  two.  It  is  possible  because 

i)  empty  orbitals  in  the  right  energy  range  are  available  on  metal 
atoms;  In  contrast,  in  oxides  of  column  V  elements  such  as 
AszOo.  this  does  not  happen  because  no  empty  orbitals  are 
available  from  As.  The  doubly  occupied  lone  pairs  on  As  in 
fact  interact  repulsively  with  oxygen  lone  pairs  in  Asz03. 

ii)  high  ionicity  of  the  metal-oxygen  bond;  Once  the  electronega¬ 

tivity  of  oxygen  is  fulfilled  through  the  charge  transfer  in 
metal-oxygen  bonds,  the  tendency  of  oxygen  It-®  oairs  to  form 
donor  bonds  increases.  In  other  words,  the  splitting  between 
the  non-bonding  band  and  the  ueai- -bonding  band  should  scaie 
with  the  splitting  between  the  non-bor.ding  band  and  the 

strong-bonding  band.  For  example,  Al-0  bond  iu  more  ionic  than 

Ga-0  bond,  hence  the  splitting  between  the  non-bondinr  and  the 
metal -0-meta!  bonding  band  is  bigger  in  A1j03  (-8.5  eV,  than  in 
Gaj03  (-4.9  ev),  and  the  splitting  between  the  non-bonding  band 

»-<i  tse  0-metal  dative  bonding  is  also  in  tne  same  ordnr  (4.2 

•  *  r  , .  2  t  eV  in  G»tO; ) . 
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Fig.  35  details  the  Ga-3d  level.  The  upper  curve  is  a  blow-up  of  the 
Ga~3d  part  of  the  2x10*  l  spectrum  in  fig.  33.  uith  the  smooth,  feature¬ 
less  secondary  background  indicated.  The  center  curve  shows  the  spec¬ 
trum  with  background  removed.  The  lower  curve  is  the  Ga-3d  spectrum  of 
the  clean  Ga-3d  film,  uith  the  secondary  background  removed.  The  Ga-3d 
levels  of  clean  Ga-film  show  a  uel 1 -resol ved  spin-orbit  splitting  of 
0.39±0.08  eV,  and  the  binding  energy  of  the  Ga-3ds/j  is  18.7S0.15  eV 
below  Fermi  level.  The  spin-orbit  splitting  is  lost  in  the  chemically 
shifted  Ga-3d  levels  of  the  oxidized  Ga.  The  separation  between  the 
apparent  peak  position  of  the  chemically  shifted  Ga-3d  and  the  center  of 
gravity  of  the  Ga-3d  of  the  clean  surface  is  2.0S0.2  ev,  in  good  agree¬ 
ment  with  the  result  of  Schon  161.  A  more  careful  examination  of  the 
center  curve  of  fig.  35,  however,  suggests  the  presence  of  other  inter¬ 
mediate  chemical  shifts.  These  smaller  shifts  probably  arise  from 
incompletely  oxidized  Ga,  i.e.,  Ga  atoms  bond  to  less  than  three  oxygen 
atoms.  This  can  occur  when  the  oxidation  process  becomes  di f fusion-1 im- 
itted  and  a  deficiency  of  oxygen  atoms  for  oxidizing  subsurface  Ga  atoms 
sets  in.  A  question  immediately  arises  is  the  influence  of  these  oxy¬ 
gen-deficient  bonding  complexes  on  the  DOVS  which  we  have  just  analyzed 
in  terms  of  complete  Ga*03  order.  We  expect  oxygen  in  these  oxygen 
deficient  bonding  complexes  to  assume  the  same  bridge  bonding  configura¬ 
tion,  GA-O-Ga,  and  hence  the  approximately  same  non-bonding-bonding 
splitting.  The  ueak-bonding  or  the  O-Ga  dative  bonding  band,  however, 
is  expected  to  be  missing,  due  to  two  possible  reasons: 
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i)  an  empty  Ga  orbital.  if  exists,  cannot  find  a  nearby  oxygen 
lone  pair  because  of  the  reduced  oxygen  coordination. 

ii)  no  empty  Ga  orbitals  are  available  in  the  region  of  intermedi¬ 
ately  oxidized  Ga.  In  such  regions.  Ga  atoms  bonded  to  oxygen 
are  also  bonded  to  other  Ga  atoms.  Because  the  Ga-Ga  bond  is 
not  as  directional  as  the  Ga-0  bond,  the  hybridization  of  the 
orbitals  of  Ga  atoms  may  change  in  such  a  way  to  eliminate  any 
empty  Ga  orbital  with  the  favorable  energy  position  to  form 
donor-like  bond  with  the  oxygen  lone  pairs. 


Oxygen  adsorption  phases  with  the  donor-like  bonding  band  missing  in 
the  OOVS  have  indeed  been  observed  by  Schmeisser  et.  al .  171  on  Ga  metal 
surface  at  low  temperature  (70°K),  and  by  the  present  authors  on  disor¬ 
dered,  Ga  rich  GaAs  surfaces  at  room  temperature  [81.  The  postulate  of 
Schmeisser  et.  al.  [71  that  such  OOVS  is  due  to  chemisorbed  molecules 
appears  to  be  entirely  unnecessary.  In  their  case,  the  low  mobility  of 
Ga  atoms  at  low  temperature  prohibits  the  formation  of  GazOj,  and  oxygen 
lone  pair  in  the  surface  Ga-O-Ga  bonding  units  point  to  no  Ga  empty 
orbitals  so  that  the  donor-like  bonding  band  is  suppressed.  Returning 
now  to  the  effect  of  these  oxygen-deficient  bonding  complexes  on  the 
experimental  OOVS  of  fig.  34,  we  believe  that  the  major  effect  is  to 
make  the  donor-like  bonding  band  (band  II)  less  prominent  than  that 
expected  for  the  true  OOVS  of  Ga^Oj  19],  by  contributing  intensities 
only  to  the  non-bonding  band  and  the  bonding  band. 
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In  summary,  ue  have  performed  high  energy  resolution  photoemission 
studies  of  room  temperature  adsorption  of  oxygen  on  6a  metal.  At  satu¬ 
ration  of  the  adsorption  process,  both  GazOa  and  regions  of  Ga  bonded  to 
less  than  three  oxygen  atoms  are  present.  The  chemical  shift  in  the 
Ga-3d  level  characteristic  of  GazOa  has  been  measured  to  be  2.010.2  eV. 
Three  features  in  the  OOVS  at  5.6,  7.7,  and  10.5  eV  binding  energy  have 
been  identified  as  the  oxygen  non-bonding,  the  0-Ga  donor-like  bonding, 
and  the  Ga-O-Ga  bonding  band  of  GazOa. 
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Two  arssenic  chalcogenides,  As2S3  and  As2Se3,  are  known  to  form  sta¬ 
ble  semiconducting  glasses  of  considerable  technological  significance  as 
infrared  transmitting  uindow  materials  and  as  visible-sensitive  large 
photoconductors.  Because  of  this,  the  optical  properties  and  transport 
properties  of  these  glasses,  including  their  crystalline  counterparts, 
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have  been  well  studied;  efforts  to  describe  the  underlying  electronic 


structure  with  theoretical  calculations  and  photoelectron  spectroscopic 
measurements  of  the  density  of  valence  states  (OOVS)  have  also  emerged 
12-71.  Similar  studies  have  also  been  exteeended  to  include  As203  15-73. 
There  are  a  few  reasons  to  study  AS2O3.  AS2O3  forms  1 ayer-1 attice  com¬ 
pound  (claudetite)  similar  to  AS2S3  and  As2Se3.  However,  the  intralayer 
bonding  in  AS2S3  and  As2Se3  is  highly  covalent,  uereas  that  in  AS2O3  is 
more  ionic.  Another  property  makes  arsenic  oxide  unique  among  arsenic 
calcogenides  is  tat  molecular  compound  can  be  formed  with  the  compos¬ 
ition  As203  (arsenol i tel ,  whereas  molecular  compounds  with  S  or  Se  are 
formed  only  with  As  rich  compositions  (Asi,S3,  As*S*  etc.).  Measurements 
of  the  OOVS  of  As20 3  is  also  of  interest  for  the  extensively  investi¬ 
gated  problem  of  oxygen  adsorption  on  GaAs  surfaces  18). 

Previous  photoemission  measrements  of  OOVS  of  AS2O3  have  been  per¬ 
formed  on  vacuum  deposited  AS2O3  film  [5-71.  Me  report  here  results 
obtained  from  exposing  clean  As  film,  prepared  in  ultra  high  vacuum,  to 
controlled  amount  of  oxgen. 

3.8.2  Experimental 

The  As  film  was  obtained  by  flashing  As  from  a  GaAs  crystal  onto  an 
in  situ  cleaved  Si(lll)  surface  in  an  ultra-high-vacuum  preparation 
chamber  connected  to  the  measurement  chamber.  The  GaAs  crystal  was  con¬ 
tained  in  a  quartz  crucible  held  by  the  heater  filament.  The  crucible 
and  the  heater  was  surrounded  by  a  ~4  inch  long  stainless  steel  colli¬ 
mating  shield.  The  open  end  of  the  crucible  was  not  in  line  with  the 


direction  of  the  collimating  shield  such  that  the  ratio  of  As  flux  to  Ga 


flux  at  the  exit  of  the  shield  can  be  maximized.  The  GaAs  crystal  uas 


ue)1  outgased  before  deposition,  and  mass  spetctral  analyses  were  car¬ 
ried  out  to  determine  the  heater  current  that  delivers  negligible  amount 
of  Ga.  The  Si-2p  emission  from  the  Si  substrate  uas  measured  before 
deposition  by  a  Mg-Ka  mounted  in  the  measurement  chamber.  This  emission 
uas  completely  attenuated  after  depostion.  hence  the  thickness  of  the  As 
film  should  be  at  least  100  A.  No  oxygen  contamination  uas  found  by 
checking  the  0-1s  signal.  Some  Ga  incorporation  ,  houever,  had  occured. 
The  Ga-3d  signal  uas  detectable  only  in  the  spectrum  taken  uith  30  eV 
photon  (fig.  36  belou);  in  the  Mg-Ka  spectrum,  the  Da-3d  intensity  uas 
belou  the  noise  level.  Assuming  approximately  equal  photoionization 
cross  section  for  the  As  valence  band  and  the  GaAs  valence  band,  the 
amount  of  Ga  uas  estimated  to  be  at  most  18  of  a  monolayer. 

Oxygen  exposures  uere  made  in  the  measrement  chamber  (base  pressure 
-7xl0*n  torr)  by  leaking  research  grade  oxygen  through  a  bakable  leak 
valve.  Oxygen  pressure  uas  monitored  by  a  cold  cathode  gauge.  A  hot 
filament  ion  gauge  operating  at  0.4  mA  emission  current  uas  also  present 
during  one  exposure  in  hope  to  speed  up  the  oxygen  uptake. 

Photoelectrons  uere  energy  analyzed  uith  a  double  pass  cylindrical 
mirror  analyzer  (CMA)  operated  in  the  pre-retarding  mode.  Light  sources 
used  uere  synchrotron  radiation  from  the  8®  line  of  the  Stanford  Syn¬ 
chrotron  Radiation  Laboratory  (SSRL).  The  combined  monochromator-ana¬ 
lyzer  resolution  uas  0.25  eV  for  21  eV  spectra  and  0.3  eV  for  30  eV 
spectra. 
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Clean  As 

Before  discussing  the  DOVS  of  oxidized  As.  ue  briefly  examine  the 
spectra  of  clean  As. 

In  fig.  36  ue  shou  the  valence  spectra  taken  uith  21  eV  and  30  eV 
photons.  The  leading  edge  of  the  00VS  of  As  extends  up  to  the  Fermi 
level.  The  density  of  states  near  Fermi  level  is  quite  low.  as  can  be 
seen  by  comparing  uith  the  spectrum  of  the  substrate  Si  (the  second  from 
top  curve,  fig.  36).  upon  which  the  As  was  deposited,  and  by  comparing 
uith  the  Fermi  edge  of  the  spectrum  of  an  in  situ  evaporated  Ag  film 
(the  top  curve,  fig.  36).  The  peaked  feature  superposed  on  the  leading 
edge  of  the  Si  spectrum,  indicated  by  an  arrow  in  fig.  36,  is  due  to  the 
nou  uell  known  surface  states  of  the  Si (111)  surface  19).  The  coinci¬ 
dence  of  the  valence  band  maximum  (VBM)  and  the  Fermi  level  and  the  low 
density  of  states  neat  Fermi  level  are  characteristics  expected  for 
semimetals.  The  constrast  provided  by  the  surface  states  of  Si  also 
clearly  suggests  that  no  'extra'  states  near  or  above  the  VBM  have  to  be 
considered  for  As.  even  though  the  As  film  studied  here  are  likely  to  be 
amorphous.  (The  conditions  for  preparing  this  film  is  similar  to  that 
use  by  Ley  et.  al .  1101  to  prepare  amorphous  As.) 

Other  features  in  the  OOVS  of  As  are  the  two  peaks  in  the  0-6  eV 
binding  energy  region,  which  are  primarily  bonding  p  electrons  in  char¬ 
acter.  Features  expected  for  the  s  electrons  of  As  are  barely  seen  in 
the  secondary  electron  baeground  of  the  30  eV  spectrum.  In  fig.  37  ue 
have  fitted  the  21  eV  and  the  30  eV  spectrum  uith  smooth,  featureless 
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Figure  36 s  Photoemission  spectra  of  clean  As  taken  at  hv=30  eV  and 

hv=21  eV.  The  spectrum  of  the  Si  substrate  taken  at  hv=21 
eV  prior  to  the  deposition  of  As  is  also  shown  for 
comparison  (the  second  from  top  curve);  ue  notice 
particularly  the  feature  indicated  by  an  arrow  which  is 
attributed  to  the  surface  states  of  Si(lll).  The  top  curve 
is  the  Fermi  edge  in  the  spectrum  of  an  in  situ  evaporated 
Ag  film. 


backgrounds.  The  corrected  spectra  can  be  compared  to  the  XPS  spectra 
of  crystalline  and  amorphous  As  (te  inset)  obtained  by  Bishop  and  Schev- 
ichik  [21.  Good  agreement  can  be  found  in  the  p-band:  the  binding 

energy  of  the  first  peak  in  the  p-band  is  2.3±Q.2  eV.  and  the  splitting 
in  the  p-band  is  2.2£0.2  eV.  The  s-band  cannot  be  truthfully  uncovered 
from  the  21  eV  spectrum,  because  part  of  the  band  is  close  to  the  work 
function  cutoff.  The  30  eV  spectrum  fully  covers  the  s-band;  however, 
the  intensity  of  the  s-band  is  drastically  supressed  compared  to  that  in 

the  XPS  spectra,  due  to  an  matrix  element  effect.  The  major  change  in 

going  from  crystalline  to  amorphous  As  in  XPS  spectra,  as  shown  in  the 
inset,  is  the  flattening  of  the  splitted  s-band.  Owing  to  the  low 
intensity  of  the  s-band  in  the  30  eV  spectrum,  no  clear  assessment  of 

the  splitting  of  the  s-band  can  be  made.  Nevertheless,  we  have  indi¬ 

cated  above  the  region  of  the  s-band  in  the  30  eV  spectrum  the  3.5  eV 
splitting  deduced  from  the  XPS  spectrum  of  crystalline  As.  It  appears 
that  two  features  with  the  right  splitting  are  discernable.  It  can 
therefore  at  least  be  said  that  the  case  of  replacement  of  the  doublet 
with  a  single  peak  in  amorphous  As,  as  stated  by  ley  et.  nl .  [10],  is 

not  observed  here. 
pjairilsg-lJla 

An  overview  of  the  00VS  of  As  subjected  to  two  oxygen  exposres,  taken 
wih  30  eV  synchrotron  radiation,  is  shown  in  fig.  38.  The  changes  in 
the  As-3d  level,  measured  with  Mg-Ka  source,  with  oxygen  exposures  are 
also  shown  in  the  inset  of  fig.  38.  There  is  no  measurable  oxygen 
uptake  after  exposing  to  10*  L  molecule  oxygen  Ci.e.,  an  exposure  made 
without  the  presence  of  a  hot  filament  ion  gauge  or  any  other  source  of 
excitation  of  the  oxgen  molecules),  as  evidenced  by  the  lack  of  change 
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Figure  37:  Photoemission  spectra  of  clean  As  with  the  bakgrounds  due  to 
the  secondary  electrons  being  removed.  When  compared  to  the 
XPS  spectra  (the  inset)  of  Bishop  and  Schovichik  121.  the  s- 
band  in  the  30  eV  and  the  21  eV  spectra  appear  to  be 
drastically  suppressed. 
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in  either  the  valence  band  or  the  As-3d  level.  Further  exposure  to  107 
L  oxygen  with  the  presence  of  a  hot  filament  ion  gauge  (emission  cur* 
rent=0.4  mA)  produced  a  3. 4+0. 2  eV  chemical  shift  in  the  As-3d  level  and 
drastic  changes  in  the  valence  band  region  characteristic  of  oxidized 
srfaces.  Assuming  an  escape  depth  of  *30  A  for  photoelectrons  excited 
from  the  As- 3d  level,  the  strength  of  the  shifted  peak  indicates  an 
oxide  coverage  only  -0.8  monolayer.  The  valence  band  spectra,  which  are 
more  surface  sensitive,  however,  are  dominated  by  oxygen  induced  fea¬ 
tures. 

The  3.4  eV  shift  in  the  As- 3d  level  is  close  to  the  usually  quoted 
binding  energy  difference  betueen  elemental  As  and  As203,  although  ambi¬ 
guity  still  exists  in  the  literature  on  how  such  value  should  be 
obtained.  Me  mention  only  the  result  of  Holm  and  Storp  [111,  who  have 
measured  the  As  level  due  to  elemental  As  and  that  due  to  As203  simulta¬ 
neously  on  one  sample,  and  found  the  separation  betueen  the  two  levels 
to  be  3.5  eV.  The  agreement  with  the  present  result  is  satisfactory. 

A  more  definite  signature  of  the  formation  of  As203  is  found  in  the 
DOVS.  In  the  center  panels  of  fig.  39,  we  present  the  21  eV  and  the  30 
eV  spectrum  of  oxidized  As,  with  smooth  backgrounds  of  secondary  elec¬ 
trons  removed.  In  the  lower  panel  of  fig.  39,  we  have  reproduced  the 
He-I  spectrum  of  gas  phase  As*0*  obtained  by  Canning  and  Whitfield  [121. 
The  As«G«  molecules  was  produced  by  vacuum  sublimation  of  powdered  As203 
at  190°C.  A  comparison  of  the  lower  panel  and  the  second  lower  panel 
suggests  that  the  spectrum  of  the  oxidized  As  fits  as  an  enve 1 ooe  over 
the  fine  structures  of  the  spectrum  of  gas  phase  As«,CU.  or  that  homogo- 
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Figure  33s  Photoemission  spectrs  of  clean  and  oxygen-exposed  As  taken 

at  hv=30  eV.  The  107L  exposure  uas  made  uith  excited  oxygen 
(see  text).  The  inset  gives  the  As-3d  levels  of  clean  and 
oxygen-exposed  As,  obtained  uith  (1g-Ko  excitation. 


neous  broadening  of  all  fine  structures  in  the  spectrum  of  gas  phase 
As*0&  leads  to  the  spectrum  of  oxidized  As.  Part  of  the  broadening  is 
instrumental.  The  energy  resolution  in  the  gas  phase  spectrum  is  not 
constant  through  the  spectrum  and  ranges  from  30  meV  to  60  meV,  whereas 
the  energy  resolutions  used  in  this  work  is  constant  through  the  whole 
spectrum  and  is  250  meV  for  the  21  eV  spectrum  and  300  meV  for  the  30 
ev  spectrum.  Part  of  the  broadening  has  to  come  from  solid  state 
effects>  if  there  is  a  true  correspondence  between  the  solid  spectrum 
and  the  gas  phase  spectrum,  because  there  are  features  in  the  gas  phase 
spectrum  separated  by  more  than  1  eV  and  yet  are  not  resolved  in  the 
spectrum  of  oxidized  As.  This  point  will  later  be  further  elucidated  by 
comparing  with  spectra  of  crystalline  AsjOj  films. 

The  correspondence  between  the  gas  phase  spectrum  and  the  spectrum  of 
oxidized  As  can  be  put  on  an  absolute  energy  scale.  The  gas  phase  spec¬ 
trum  is  presented  in  fig.  39  by  aligninng  the  most  prominent  non-bonding 
oxygen  peak  with  the  peak  at  5. A  eV  binding  energy  (referenced  to  the 
Fermi  level  of  the  underlying  As)  in  the  psectrum  of  oxidized  As.  The 
ionization  energy  of  that  peak  is  11.52  eV  (table  1  of  reference  12). 
The  work  function  of  As  is  about  5,1  eV  113).  Hence  peak  N  in  the  spec¬ 
trum  of  oxidized  As  has  a  binding  energy  of  10.5  eV  referenced  to  the 
vacuum  level.  This  binding  energy  is  “1  eV  lower  than  the  ionization 
energy  of  the  corresponding  peak  in  the  gas  phase  spectrum,  shich  can  be 
easily  accounted  for  by  the  additional  extra-atomic  relaxation  energy  in 
solids. 
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Figur e  39.*  Comparison  of  spectra  of  oxidized  As  film  to  the  spectra  of 
gas  phase  As<0«  and  crystalline  As^Oj 


The  structure!  order  of  the  oxide  layer  can  be  examined  by  comparing 


with  the  spectra  of  crystalline  Asz03.  The  He-I>  He-II,  and  Al-Ka  spec¬ 
tra  of  crystalline  AS2O3  obatined  by  Uimmer  et  al .  [5-7]  are  reproduced 

in  the  top  panel  of  fig.  39.  In  the  work  of  Uimmer  et.  al.,  the  As*03 
film  uas  prepared  by  high  vacuum  (10‘*  torr)  in  situ  evaporation  of  pow¬ 
dered  AS2O3  onto  stainless  steel  substrate,  and  the  film  uas  checked  by 
RHEED  to  be  crystalline.  There  are  more  features  in  the  crystalline 
spectra  than  in  the  spectra  of  oxidized  As;  they  are  labeled  I,  II,  III, 
and  IV  from  low  binding  energy  to  high  binding  energy  in  fig.  39.  The  i 

binding  energies  given  by  Uimmer  et.  al.  were  referred  to  the  VBH  of 
the  AS2O3  film.  Here  we  have  presented  these  spectra  with  feature  II 
lined  up  with  peak  N  in  the  spectra  of  oxidized  As.  This  corresponds  to 
a  VBM-Fermi  level  separation  of  -2.3  eV  in  the  case  of  oxidized  As.  This 
separation  is  roughly  confirmed  by  extrapolating  the  low  binding  edge  of 
peak  N  in  the  second-lower  panel.  After  such  alignment,  good  overall 
correspondence  can  be  seen  between  the  crystalline  spectra  and  the  mono¬ 
layer-oxide  spectra.  A  feu  differences  in  details  are  expained  below. 

In  the  He- I  spectrum  of  the  crystalline  form,  feature  I  has  an  apparent 
height  above  feature  II  due  to  the  steeply  rising  background.  The  prom¬ 
inent  feature  IV  in  the  He-II  and  the  Al-Ka  spectrum  of  the  crystalline 
form  orginate  mainly  from  the  4s  level  of  As.  This  feature  is  again 
suppressed  in  the  21  and  30  eV  spectra  of  the  monolayer-oxide  because  of 
matrix  element  effect.  One  last  difference  between  the  spectra  of  the 
crystalline  form  and  the  monolayer-oxide,  however,  can  be  explained  only 
in  terms  of  differences  in  structural  orders.  In  the  7-11  eV  binding 
energy  region,  the  crystalline  spectra  show  two  resolved  features,  II 
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and  III.  in  good  correspondence  to  the  gas  phase  spectrum,  uhereas  the 
monolayer-oxide  spectra  show  only  one  broad  feature  (band  6).  This  dif¬ 
ference  cannot  be  explained  by  different  energy  resolutions  used, 
because  the  energy  resolution  used  to  obtain  the  Al-Ka  spectrum  uas  far 
poorer  (21.2  eV  IS])  than  the  resolutions  used  in  this  work.  The  split¬ 
ting  in  the  7-11  eV  binding  energy  region  in  the  gas  phase  spectrum  and 
the  crystalline  spectra  arises  from  As-0  bonding  orbitals  with  opposite 
symmetries  with  respect  to  the  plane  bisecting  the  As-O-As  angle  (i.e.» 
the  splitting  betueen  the  a  and  the  n  component  of  the  As-O-As  bond¬ 
ing).  A  random  variation  and/or  a  distortion  of  the  As-O-As  angles  tend 
to  flatten  out  the  splitting.  This  suggests  that  room  temperature 
adsorption  of  oxygen  on  As  results  in  disordered  oxide  layer. 

It  is  not  calear  if  the  structural  arrangement  of  the  disordered  mon¬ 
olayer  oxide  is  similar  to  that  of  vitreous  Asz03.  There  is  little 
direct  structural  information  available  for  vitreous  AS2O3.  Lucovsky 
and  Galeener  114],  through  detailed  interpretation  of  both  Raman  spectra 
and  ir  reflectance,  have  proposed  that  v-AsjOs  contains  local  regions 
characterized  by  either  a  layer-like  local  order  or  an  As<iO«-like  local 
order.  Since  the  standard  free  energies  of  reaction  for  forming  arsenol- 
ite  (AG=-137.6  Kcal/mole)  and  claudetite  (AG=-135.9  Kcal/mole)  at  room 
temperature  are  close,  the  picture  described  by  Lucovsky  and  Galeener 
[14]  is  likely  to  be  also  applicable  to  the  monolayer  oxide  resulted 
from  room  temperature  oxidation  of  As.  If  this  is  indeed  the  case,  the 
similarities  observed  bueen  all  spectra  in  fig.  39  then  suggests  that 
the  influence  of  the  difference  betueen  layer-like  and  Ast,0*-like  order 
on  electronic  structures  is  not  important.  The  essntial  feature  of  the 
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electronic  structure  of  AS2O3  consists  of  a  non-bonding  band  and  a 
bonding  band,  whose  centers  of  gravity  are  separated  by  -3.3  eV.  This 
essential  feature  is  largely  determined  by  the  ASO3/2  pyrmids.  which  are 
the  building  units  in  either  layer-like  or  Asi,0«  structural  arrangement. 

Another  point  of  interest  in  studying  the  electronic  structure  of 
A2B3  compounds  is  that  whether  the  non-bonding  band  is  purely  B-atom 
derived  11,3!.  For  powdered  crstalline  arsenolite,  Mimmer  et.  al .  [5-71 
have  shown  by  soft  x-ray  emmision  spectra  that  As  lone  pair  has  signifi¬ 
cant  contribution  to  the  non-bonding  band.  Question  can  be  asked  if  in 
different  long  range  structural  arrangements  (i.e.,  different  ways  of 
connecting  As03/2  pyramids)  the  relative  contribution  from  As  and  0  lone 
pairs  to  the  non-bonding  band  would  change.  Two  extreme  pictures  can  be 
considered:  In  one  As  participates  in  bonding  with  three  oxygen  atoms  in 
p3  configuration  so  that  all  p-like  electrons  from  As  are  in  the  bonding 
band  and  the  lone  pair  on  As  has  an  s1  configuration  [31.  In  the  other. 
As  assumes  sp3  bonding  configuration,  and  the  bonding  to  three  oxygen 
leaves  one  sp3  lone  pair  [11.  The  two  pictures  predict  different  non¬ 
bonding  to  bonding  p-electrons  ratio.  Such  ratio  of  p-eleetrons  should 
be  rather  uniquely  reflected  in  our  spectra  of  the  monolayer  As203, 
because  s-electrons  are  preferentially  suppressed  due  to  a  weak  matrix 
element  for  the  photoioniation  transition.  The  formal  picture  predicts 
a  non-bonding  to  bonding  p-electron  ratio  of  3:6,  while  the  latter  pre¬ 
dicts  4. 5:4. 5.  The  spectra  of  the  oxidized  As  shown  in  the  center  two 
panels  of  fig.  39  are  suggestive  of  the  latter  picture,  (i.e.,  s-p 
hybridization  to  some  extent  is  important  even  for  a  disordered  layer  of 
AS2O3 , )  although  no  quantitative  assesment  of  the  ration  of  the 
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strengths  of  the  bonding  and  nonbonding  bands  can  be  extracted  from  the 
spectra.  This  result  shoud  be  eonstrasted  to  the  case  of  amorphous 
As2S3.  where  soft  x-ray  emmision  experiments  do  not  show  significant 
contributtion  from  the  S  lone  pair  to  the  non-bonding  band.  This  dif¬ 
ference  can  be  explained  by  the  higher  ionicity  of  the  As-C  bond:  The 
repulsion  between  the  ionic  charges  on  oxygen  atoms  prevents  the  O-As-O 
angle  in  any  As03/2  pyramid  from  closing  to  90°.  and  hence  prohibits  the 
p3  configuration. 

3.5.4  Summary 

In  summary,  we  have  shown  that  room  temperature  adsorption  of  oxygen 
on  amorphous  As  results  in  direct  oxide  formation.  The  electronic 
structure  of  oxidized  As  has  been  shown  to  be  similar  to  either  that  of 
isolated  As*Ot  molecules,  or  that  of  crystalline  As203  The  photoemission 
spectra  of  the  oxidized  As  film  also  suggest  that  As203  formed  in  such  a 
way  is  noncrystalline.  The  essential  features  of  the  electronic  struc¬ 
ture  of  As203  are  a  non-bonding  band  and  a  bonding  band  separated  by 
-3.3  eV.  The  contribution  of  As  lone  pairs  to  the  non-bonding  band  was 
found  to  be  important  in  the  case  of  disordered  monolayer  As203. 
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3.9 


In  this  section  ue  sumarize  the  results  of  the  movement  of  surface 
Fermi  level  with  oxygen  adsorption  obtained  on  many  smaples  ue  have 
studied.  changes  in  the  electron  affinity  induced  by  the  adsorption  of 
oxygen,  which  can  be  measured  on  p-type  samples  only,  uill  also  be  exam¬ 
ined. 

In  figure  40,  the  energy  positions  of  the  surface  Fermi  level  in  the 
band  gap  is  displaced  vertically;  The  lower  horizontal  scale  in  fig.  40 
indicates  oxygen  exposures  in  L,,  and  the  upper  horizontal  scale  indi¬ 
cates  estimated  oxygen  coverages  (based  on  table  1,  section  3.1). 
Results  obtained  from  different  samples  are  divided  into  a  feu  groups, 
either  because  different  oxygen  exposure  conditions  were  used  or  because 
different  methodes  of  determining  the  Fermi  level  position  were  adopted. 
Surface  Fermi  level  positions  in  the  top  three  panels  were  obtained  from 
valence  band  spectra  using  a  technique  mentioned  in  section  3.2  and  pre¬ 
viously  described  in  detail  1261.  Those  in  the  bottom  panel  uere 
obtained  from  core  level  spectra,  based  on  the  energy  position  of 
unshifted  As-3d  relative  to  the  Fermi  level.  The  10’3  L  data  point  on 
sample  N5  (the  bottom  panel)  was  obtained  without  checking  the  Fermi 
level  position  of  a  freshly  evaporated  Au  film,  A  big  error  bar  cover¬ 
ing  the  uncertainty  due  to  typial  variation  in  the  analyzer  work  func¬ 
tion  after  heavy  gas  exposures  is  therefore  attached  to  this  point. 
Sample  Nil  and  sample  P4  (top  panel)  were  exposed  to  oxygen  simulta- 
neuouly.  Oata  on  these  two  samples  thus  give  a  most  reliable  comparison 
of  the  Fermi  level  movement  on  n-  and  p-  type  samples.  The  10*1  and  the 
10,#L  exposures  made  on  samples  N1  and  PI  (the  second  from  top  panel) 
were  excited  by  a  300  V  voltage  source. 
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Figure  40:  Summary  of  the  changes  of  the  surface  Fermi  level  position 
with  oxygen  exposures  on  samples  studied.  The  louer  scale 
of  each  panel  indicates  the  oxygen  exposures  in  L,  and  the 
upper  sacle  indicates  the  estimated  oxygen  coverages  in 
monolayer . 
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It  is  se«n  in  fig.  40  that  the  surface  Fermi  level  positions  are  less 
sensitive  to  oxygen  exposures  for  p-type  samples  than  for  n-type  sam¬ 
ples.  The  Fermi  level  positions  of  n-type  and  p-type  samples  are  uell 
separated  at  all  oxygen  coverages  studied.  For  n-type  samples  the  low¬ 
est  energy  position  of  the  surface  Fermi  level  in  the  band  gap  is  0.7  eV 
above  VBM.  For  p-type  samples  the  highest  energy  position  of  the  sur¬ 
face  Fermi  level  in  the  band  gap  is  0.55  eV  above  VBM. 

Annealing  of  room-temperature  oxygen-covered  surfaces  to  elevated 
temperatures  also  causes  changes  in  the  surface  Fermi  level  posistions. 
The  results  obtained  on  samples  H8,  N9,  N 10,  and  P 2  are  shown  in  fig. 
41.  the  surface  Fermi  level  of  all  n-type  samples  tend  to  move  deeper 
into  the  band  gap  after  annealing.  Annealing  experiment  on  p-type  sam¬ 
ple  has  so  far  been  carried  out  only  on  a  low  coverage  surface,  where 
the  Fermi  level  stays  close  to  the  VBM  (-0.2  eV  above  VBM).  Such 
annealing  leaves  the  Fermi  level  of  the  p-type  sample  uncharged. 

Changes  in  electron  affinity  induced  by  the  adsorption  of  oxygen  are 
shown  in  fig.  42.  In  panel  (a),  details  near  the  low  kinetic  energy 
cutoff  of  the  21  eV  spectra  of  a  p-type  sample  subjected  to  various  oxy¬ 
gen  exposures  are  shown.  The  low  kinetic  energy  cutoff  of  every  spec¬ 
trum  shown  in  fig  42  contains  a  sharply  dropping  edge  and  small  shoulder 
extending  to  the  low  kinetic  energy  side  of  the  sharply  dropping  edge. 
The  small  shoulder  is  due  to  the  secondary  electrons  generated  on  the 
first  retarding  grid  of  the  analyser.  The  energy  position  of  the  sharp¬ 
ly-dropping  edge  is  determined  by  the  sample  work  function.  On  n-type 
samples  the  small  shoulder  is  not  observed  and  the  observed  sharply- 
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Figure  41:  Changes  of  the  surface  Fermi  level  positions  after  annealing 
of  oxygen-exposed  surfaces  to  elevated  temperatures. 

dropping  edge  is  determined  by  the  analyser  work  function,  hence  no 
electron  affinity  change  can  be  measured  for  n-type  samples  in  our  expe¬ 
rimental  setup  uhere  no  voltage  bias  uas  applied  between  the  sample  and 
the  analyzer.  The  spectra  shown  in  fig.  42  were  also  shifted  to  have 
the  VBM's  alligned.  Changes  in  the  electron  affinity  are  thus  directly 
reflected  in  the  shifts  of  the  sharply-droppir.g  edges.  The  results  are 
summarized  in  panel  (b).  The  electron  affinity  is  seen  to  first  decrease 
and  then  inrease  with  increasing  oxygen  exposures. 
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The  two  highest 


exposures,  10*1  and  7x10*L»  uere  made  uith  excited  oxygen.  The  oxygen 
bonding  configuration  at  these  two  points  may  therefore  be  different 


from  that  of  other  points.  The  increase  in  electron  affinity  produced 
by  exposures  to  excited  oxygen  is  consitent  uith  the  findings  of  Monch 
and  Enninghorst  on  n-type  samples  111.  Monch  and  Enninghorst  have 
explained  the  increase  in  electron  affinity  as  due  to  charge  transfer 
from  GaAs  to  oxygen.  No  explanation,  however,  can  be  given  to  the 
decrease  in  electron  affinity  at  low  oxygen  exposures  observed  here. 
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3.10  APPENDIX  D:  CALCULATION  OF  THE  N-B  SPLITTINGS 

In  this  Appendix  ue  give  some  details  of  the  simple  ICAO  calculations 
which  were  used  to  obtain  the  N-B  splittings  of  section  3.3. 

The  values  of  atomic  levels  used  are  E(As-4s)=-17.33  eV, 
E(As-4p)=-7.91  eV,  E(Ga-4s)=-1 1 . 37  eV,  E(Ca-4p)=-4. 90  eV.  E(0-2p)=-14. 13 
eV.  The  values  of  matrix  elements  used  are  V,p=l4.02/d2  eV  for  that 
between  s  and  p  orbitals,  and  V *^=24. 69/d 2  eV  for  that  between  p  orbit¬ 
als.  where  d  is  the  bond  length  in  A.  The  bond  lengths  used  are,  d=1.62 
A  for  the  As=0  bond,  and  d=1.8  A  for  As-0  and  Ga-0  bonds. 

For  configuration  I,  we  have  considered  the  As-lone  pair  on  the  As 
atom  to  be  purely  s-like.  Bonding  of  oxygen  to  this  lone  pair  gives  an 
N-B  splitting  of  3.91  eV.  The  donor-like  bonding  between  oxygen  lone 
pair  and  the  empty  As-4d  orbital  lowers  the  oxygen  lone  pair  in  energy 
by  -0.55  eV  I13J.  Hence  the  net  N-B  splitting  entered  for  configuration 
I  is  3.36  eV.  For  onfiguration  II,  ue  have  considered  the  interactions 
between  0-2p  and  the  Ga-sp3  and  the  As-sp3  hybrids. 

For  simplicity  in  making  comparisons,  we  have  chosen  the  X-O-X'  angle 
to  be  125°  for  configurations  III.  IV,  and  V.  Small  variations  around 
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this  angle  change  the  splitting  between  the  o  and  the  n  components  rap¬ 
idly  but  not  the  center  of  gravity  of  these  tuo  components.  In  consid¬ 
ering  the  As-O-As  bonding  we  have  assumed  the  p3  configuration  for  As, 
whereas  we  have  assumed  sp3  configuration  for  Ga  in  considering  the  Ga- 
O-Ga  bonding.  Such  assumptions  are  justified  by  the  bonding  angles 
found  in  AsjOs  and  GazO)  For  similar  reasons,  we  have  retained  the  p3 
configuration  of  the  backbonds  of  an  As  atom  in  a  relaxed  GaAs(llO)  sur¬ 
face  when  considering  the  Ga-O-As  bridge  (config.  IV). 

There  are  many  variations  of  bond  angles  and  hybridizations  that  can 
be  considered,  but  those  variatons  do  not  change  the  qualitative  trend 
in  the  N-B  splittings  stated  in  the  text  (section  3.3). 
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Chapter  IV 


PHOTOEMISSION  STUOIES  OF  CLEAN  AND  OXIDIZED  CS 

4.1  INTRODUCTION 

There  are  tuo  major  reasons  for  investigating  the  oxidation  proper¬ 
ties  of  Cs. 

Firstly,  the  oxidation  of  Cs  is  a  subject  of  fundamental  scientific 
interest.  This  is  because  the  oxidation  of,  and/or  the  oxygen-adsorp¬ 
tion  on  free-electron-like  metals  constitute  simple  systems  which  pro¬ 
vide  insights  into  understanding  the  oxygen-metal  interaction  in  gen¬ 
eral.  Such  interest  has  been  exemplified  by  previous  photoelectron 
spectroscopic  measurements  of  oxidation  of  Sr  til,  Ba  [1,21,  Al  [3,41, 
Na  151,  K  16,71,  Rb  [7,81,  Cs  [7-101,  Ag  [111,  Mg  M2),  and  theoritical 
calculations  of  oxygen  adsorption  on  Al  [131.  As  pointed  out  by  Wijers 
et  al  171,  Al  (the  most  studied  substrate  metal  in  both  theoritical  and 
experimental  investigation  of  oxygen  adsorption)  has  a  wide  valence  band 
(-13.5  eV)  degenerate  with  the  oxygen  valence  states  and  thus  strong 
intermixing  with  oxygen  states  is  expeted.  Cs,  on  the  other  hand,  has  a 
valence  band  only  1.6  eV  wide  and  is  seperated  by  -10  eV  from  the  next 
lower  inner  shell  (5p).  The  oxygen  valence  states  thus  fall  in  a  band 
gap  of  Cs  and  minimum  mixing  of  Cs  and  0  states  is  expected.  Minimum 
intermixing  of  substrate-adsorbate  states  is  also  expected  from  the 
large  eletronegativity  difference  between  Cs  and  0;  formation  of  ionic 
oxygen  species,  such  as  0**,  0*'*,  0:',  can  be  anticipated  in  oxidizing 
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Cs.  The  O/Cs  system  thus  provides  a  unique  opportunity  for  exploring 
the  electronic  structure  of  a  series  of  ionic  oxygen  species. 

Secondly,  cesium  oxides  are  technologically  important  materials  to 
study.  Cesium  oxide  in  thin  layers  is  known  to  be  perhaps  the  lowest- 
work-function  material.  The  1 ow-work-f unction  property  of  cesium  oxide 
has  been  exploited  in  fabricating  the  early  generation  photocathodes 
(S-1.  the  Ag-Cs-0  system  114])  and  the  more  recent  negative  electron 
affinity  photocathodes  UI1-V  compound  semiconductor-Cs-0  systems  [15]). 
However,  no  definite  identification  of  the  forms  of  the  optimum  cesium 
oxides  in  these  cathodes  has  been  obtained  yet,  due  to  the  complex  phase 
diagram  of  the  Cs-0  system  [9].  The  strong  interaction  of  the  substrate 
materials  with  the  (Cs,0)  layers  on  various  cathodes  further  complicates 
the  understanding  of  such  system  (see  ref. 16  for  GaAS-Cs-O,  and  ref.  17 
for  Ag-Cs-O).  It  is  therefore  useful  to  obtain  sufficient  understanding 
of  the  oxidation  properties  of  thick  Cs  films  before  going  to  the  more 
complicated  photocathode  systems.  In  particular,  photoelectron  spectro¬ 
scopic  data  obtained  for  the  Cs-0  system  can  provide  refernence  informa¬ 
tion  for  similar  studies  made  on  photocathodes. 

Some  early  UPS  measurements  of  the  oxidation  of  Cs  have  been  made  at 
low  photon  energy  [7]  and  21.2  eV  and  40.8  eV  [8,9].  Particularly  inter¬ 
esting  in  these  results  are  the  sharp,  multiple  oxygen-induced  structure 
in  the  valence  band  region  and  the  negative  shifts  (lowering  of  binding 
energy)  of  the  Cs-5p  electrons  upon  oxidation.  Ambiguities  existed  in 
earlier  work  as  to  whether  some  features  should  be  assigned  to  plasmon 
loss  features  or  to  multiple  splittings  of  different  oxygen  species.  Cs 
core  level  shifts  for  higher  oxidation  states  have  not  been  well  stud- 
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ied.  In  this  work,  ue  have  performed  photoemission  measurements  of  the 
oxidation  of  Cs  using  synchrotron  radiation  in  two  ranges  of  photon 
energies  (21-30  eV,  and  100-150  eV)  to  include  both  the  valence  band 
region  and  several  deeper  tying  Cs  core  levels  (5p,  5s,  and  4d).  More 
definite  identification  of  spectrum  features  belonging  to  different  oxi¬ 
dation  states  can  be  arrived  by  correlating  spectra  obtained  at  siffer- 
ent  photon  energies. 

After  giving  the  experimental  details  in  section  2,  ue  uill  first 
present  photoemission  spectra  of  clean  Cs  in  section  3.  The  rather  com¬ 
plex  photoemission  spectra  (both  the  valence  band  and  the  core  level 
spectra)  of  Cs  films  exposed  to  oxygen  are  examined  in  detail  in  section 
4.  In  the  analyses  of  section  4, four  different  forms  of  oxygen  adsorbed 
in  Cs  are  identified  over  an  oxygen  exposure  range  of  0.1-200  L.  These 
four  forms  of  oxygen  are  identified  uith  four  different  ionic  oxygen 
species  in  section  5.  After  identifying  the  oxygen  species,  a  brief 
discussion  of  the  oxidation  process  is  given  in  section  6. 

4.2  eXP.ERJBCM.TflL 

The  experiment  uas  carried  out  in  a  stainless-steel  ultra-high-vacuum 
chamber  uith  base  pressure  '^xIO**1  torr. 

The  Cs  source  uas  contained  in  vacuum  sealed  glass  ampoules.  An 
ampoule  contained  "1/2  g  of  Cs  uhich  had  been  vacuum  (~10*7.  torr)  re¬ 
distilled  through  one  liquid  nitrogen  trap7  from  a  5-g,  99.95  pure  Cs 
ampoule.  The  re-distilled  Cs  ampoule  uas  placed  in  a  copper  side  arm 


7Heating  of  the  big  5-g  ampoule  uith  torch  flame  was  necessary  to  drive 
the  Cs  through  the  liquid  nitrogen  trap. 
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which  was  seperated  from  the  main  chamber  by  a  all-metal  straight- 
through  valve.  A  copper  dosing  needle  (1/S  "  l.o.)  pointed  to  the  sub¬ 
strates  was  used  on  the  other  side  of  the  straight-through  valve.  The 
dosing  needle  is  necessary  to  restrict  the  Cs  vapor  to  a  limited  volume 
inside  the  measurement  chamber.  Both  the  copper  side  arm  and  the  copper 
dosing  needle  were  baked  to  -240aC  for  a  prolonged  duration  (-12  hrs.) 
before  breaking  the  Cs  ampoule  for  experiments.  The  Cs  ampoule  was  bro- 
*  ken  by  carefully  squeezing  the  copper  side  arm  from  outside.  Evaporation 
of  Cs  was  achieved  by  heating  the  copper  side  arm  from  outside.  Evapo¬ 
ration  time  required  for  preparing  thick  Cs  films  (2100  A)  ranges  from 
30-90  minutes  with  pressure  during  evaporation  not  exeeding  3x10'*  torr. 

Substrates  used  for  evaporation  were  in  situ  cleaved  GaAs  crystals 
and  evaporated  Cu  thick  film.  Substrates  temperatures  range  from  140°K 
(Cu  film)  to  160aK  (one  of  the  two  GaAs  cleaves).  During  measurements 
and  oxygen  exposures,  substrate  could  either  warm  up  or  cool  down,  but 
the  variation  in  temperature  was  no  more  than  15aK. 

Oxygen  exposures  were  made  with  research  grade  oxygen  through  a  baka- 
ble  leak  valve. 

Light  source  used  was  synchrontron  radiation  from  the  Stanford  Syn- 
chrontron  Radiation  Laboratory  (SSRL).  Photoelectron  energy  analyses 
were  performed  with  a  double-pass  cyl indrical-mirror-analyzer  (Physical 
Electronics)  and  pulse  counting  electronics.  Combined  monochromator  and 
analyzer  resolution  (as  determined  by  the  fermi  edge  width  of  Cu  or  Au) 
were  0.45-0.7  eV  for  photon  energies  100-150  eV  and  0.2-0. 3  eV  for  pho¬ 
ton  energies  16-32  eV.  Binding  energies  are  referenced  to  the  Fermi 
level. 
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4.3 


As  a  basis  for  discussion  of  the  various  features  in  the  photoemis¬ 
sion  spectra  of  oxidized  Cs,  in  this  section  ue  present  photoemission 
spectra  obtained  on  clean  Cs  films.  Photoelectron  spectroscopic  studies 
of  clean  Cs  are  of  interest  because  of  its  reported  short  photoelectron 
escape  depth  118].  Several  photoemission  studies  of  clean  Cs  have  been 
made  in  the  past  uith  lou  photon  energies  (ill. 8  eV  1181  and  Ne-I  and 
He-X  (8,191).  Ue  will  see  belou  that  neu  information  is  available  from 
the  present  high  photon  energy  studies. 

4.3.1  Valence Band  Spectra  of  clean  Cs 

rig  - 1  shows  the  first  5  eV  belou  the  Fermi  level  in  the  EDCs  (energy 
distribution  curves)  obtained  at  several  photon  energies.  The  uidth  of 
the  valence  band  is  1.50  eV,  as  measured  from  Fermi  level  to  the  minimum 
in  the  valley  just  belou  the  leading  peak.  This  is  close  to  the  calcu¬ 
lated  value  of  1.58  eV.  The  shape  of  the  valence  band  emission  appears 
to  resemble  a  free  electron  distribution  better  at  21  eV,  whereas  it 
becomes  more  triangular  at  higher  photon  energies  (28  eV  and  30  eV). 
Such  effect  has  been  discussed  in  terms  of  surface  effects  such  as  sur¬ 
face  band  narrowing  (201,  and  breakdown  of  direct  transition  model  (211. 
Strong  surface  effects  are  expected  because  of  the  unusually  short  pho¬ 
toelectron  escape  depth  of  '1  A  (201.  This  minimum  escape  depth  occurs 
in  a  kinetic  energy  region  of  10-20  eV  [181.  Increasing  photon  energy 
from  21  eV  to  30  eV  therefore  moves  the  spectrum  out  of  the  escape  depth 
minimum  rather  than  moving  into  it.  Hence  the  surface-effect  explana¬ 
tions  do  not  apply  here.  It  is  more  likely  that  the  relative  cross  sec- 
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Figure  43;  Valence  band  region  spectra  of  clean  Cs  obtained  at,  from 
bottom  to  top,  hv=  21,  23,  and  30  eV.  The  inset  is  the 
approximate  total  OOS  of  Cs  and  its  1  decompositions  (see 
text). 
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tion  of  electrons  uith  different  angular  momentum  has  changed  in  going 


from  21  eV  to  higher  photon  energies.  In  the  inset  of  fig.  43  ue  shou 
the  I  decomposition  (i.e.,  into  s,  p  and  d  components)  of  the  free  elec¬ 
tron  total  density  of  states  (DOS).  This  DOS  is  only  approximate  and  has 
been  obtained  by  rescaling  the  free  electron  DOS  calculated  by  Gupta  and 
Freeman  [22]  for  Na.  It  appears  that  in  the  21  eV  spectrum  the  s-DOS 
dominates,  and  in  28-30  eV  spectra  the  p-DQS  becomes  important. 


Below  the  valence  band  structure  in  fig.  43.  two  plasmon  loss  fea¬ 
tures  can  be  identified.  A  surface  plasmon  is  located  approximately  2.2 
eV  below  the  leading  peak.  This  same  value  of  surface  plasmon  energy  is 
also  found  in  the  core  level  spectra  (fig.  44,3).  The  fainter  struc¬ 
ture  at  approximately  3.2  eV  below  the  leading  peak  is  associated  uith 
bulk  plasmon  excitation.  Bulk  plasmon  loss  feature  is  not  pronounced  in 
any  spectrum  obtained  in  this  study,  hence  we  can  not  assess  its  enregy 
position  with  great  accuracy.  The  best  estimate  of  3.2  eV  is  intermedi¬ 
ate  to  the  free  electron  value  of  3.54  eV  1231  and  the  value  corrected 
for  ion  core  polarization  of  3.0  eV  (241.  Using  the  value  of  3.2  eV,  the 
J2  ideal  ratio  of  the  bulk  plasmon  energy  to  surface  plasmon  energy, 
however,  is  approximately  observed. 


4.3.2  Core  Levels  and  Auoer  Transitions 

Fig. 2  shows  EDCs  covering  the  region  of  5p  levels.  EDCs  of  photon 
energies  below  32  eV  were  obtained  on  one  Cs  film,  and  the  100  eV  EDC 
was  obtained  on  another  different  Cs  film.  The  sharp,  well  resolved 
5Pa/z  and  5pi/2  pair  are  immediately  recognized  in  fig.  44.  The  spin- 


orbit  splitting  of  the  5ps  is  1.90i0.05  eV.  The  FWHMs  (without  correc- 
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tions  to  the  instrumental  broadening)  in  the  30  eV  spectrum  are 
estimated  to  be  0.45  eV  and  0.70  eV  for  5P3/-*  and  5pt/*  peaks,  respec¬ 
tively.  Considering  that  the  broadening  of  the  5pi,2  peak  relative  to 
the  5P3/2  is  partly  caused  by  the  surface  and  bulk  plasmaon  loss  from 
the  5ps/2  peak,  the  differnce  in  the  intrinsic  line  width  between  the 
two  5p  levels  may  not  be  as  drastic  as  suggested  by  Simon  [81,  and  may 
be  well  be  accounted  for  by  a  Coster-Kronig  process  that  is  only  moder¬ 
ately  strong. 

The  O3VV  Auger  transition  appears  at  a  fixed  kinetic  energy  of  6.5  eV 
relative  to  the  vacuum  level  of  the  analyzer,  or  11.15  eV  above  the 
Fermi  level.  (In  the  21  eV  EOC  of  Au  standards,  the  Fermi  level 
appeared  at  a  kinetic  energy  of  16.35  eV,  hence  the  work  function  of  the 
analyzer  is  4.65  eV.)  The  high  energy  edge  can  be  approximately  located 
at  12.35  eV,  in  reasonable  agreement  with  other  results  (11.8  eV  by 
Oswald  et  al  {191,  and  12.3  eV  by  Simon  (8]).  The  width  of  this  Auger 
transition  is  about  2.8  eV  (measured  from  the  high  energy  edge  to  the 
valley  right  below  the  peak),  which  is  comparable  with  twice  the  width 
of  the  valence  band  and  is  in  agreement  with  the  simple  picture  of  Auger 
transition. 

Another  peak  that  stayed  at  fixed  kinetic  energy  with  varying  photon 
energy  is  1.9  eV  below  the  O3VV  transition.  This  peak  can  be  interpreted 
as  either  due  to  the  surface  plasmon  from  03vv  peak  or  the  OjVV  trans¬ 
ition.  There  is  no  doubt  that  the  OsVV  Auger  electron  has  sufficient 
energy  to  excite  surface  plasmon,  as  has  been  demostrated  in  previous 
work  {91.  The  O2VV  transition,  however,  has  been  suggested  to  be  com¬ 
pletely  suppressed  by  the  strong  Coster-Kronig  process  (5P3/2  -*  5pi,2). 
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Figure  44:  EDCs  of  the  Sp  and  the  5s  levels*  and  OVV  Auger  transitions 
of  clean  Cs  obtained  at,  from  bottom  to  top,  bv=21,  28,  30, 
32  and  100  eV. 


In  our  measurement  the  separation  of  this  peak  from  the  03VV  peak.  1.9 
eV.  is  identical  to  the  spin-orbit  splitting  of  the  5p  levels,  and  thus 
it  favors  a  significant  contribution  from  the  0*VV  transition.  Accurate 
determination  of  the  energy  position  of  this  peak  may  be  difficult 
because  it  rides  on  the  secondary  tail;  in  that  case,  however,  the 
apparent  separation  from  the  O3VV  peak  shoud  be  even  larger  than  the 
true  separation.  Ue  therefore  take  the  measured  1.9  eV  as  meaningfully 
different  from  the  2.2  eV  surface  plasmon  energy.  (Ue  have  used  0.05 
eV/channel  accuracy  in  obtaining  the  spectra.)  The  fact  that  the  O2VV 
transition  is  not  completely  suppressed  is  consistent  with  our  sugges¬ 
tion  of  a  moderate  5p3,2  to  5pt/2  Coster-Kronig  process  made  in  relation 
to  the  relative  width  of  the  two  5p  levels. 

One  additional  feature  included  in  the  100  eV  EDC  in  fig.  44  (the  top 
curve)  is  the  Cs-5s  level  at  25.4  eV  BE.  The  plasma  loss  features  asso¬ 
ciated  with  this  peak  are  also  clearly  seen.  The  expected  configura¬ 
tional  splitting  of  the  5s  level  is  not  observed  here,  indicating  per¬ 
haps  a  suppressed  (5s, 6s)  interaction  in  Cs  metal. 

Tig.  45  shows  EOCs  of  Cs-4d  levels  at  several  photon  energies.  The 
N*»s°2»302»3  Auger  transition  is  also  included  in  the  110  eV  E0C.  The 
spin-orbit  splitting  of  the  4d  levels  is  2.210.1  eV. 

Table  6  summarizes  the  energy  positions  of  core  levels  and  Auger 
transitions  observed  in  the  photoemission  spectra  of  clean  Cs. 
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figure  45:  EDCs  of  the  Cs-4d  levels  and  the  NOO  Auger  transition  at, 
from  bottom  to  top,  hv=  HO,  120  and  150  eV. 
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TABLE  6 

Summary  of  binding  energies  (BE)  of  photoelectron  core  lines  and  kinetic 
energies  (KE)  of  Auger  transitions  of  clean  Cs. 


Levels 

BE  (or  KE)  in  eV 

referenced  to  the  Fermi  level 

5p  3/2 

12.1 

5Pi  /i 

14.0 

' 

5s 

25.5 

' 

4ds/i 

77.3 

' 

4d3/2 

79.5 

' 

03VV 

11.15 

■ 

(02VV?) 

(9.25?) 

N00 

46.3 

4.4  RESULTS  AND  DISCUSSION  - 

-3-X.L0-l.gE.0-.es 

Different  ranges  of  oxygen  exposures  uere  made  on  the  three  Cs  films 
prepared:  0.1  -  2  L  for  one  film,  1  -  100  L  for  <?  second  / '  1  m ,  and  1  - 
200  L  for  a  third  film.  The  first  tuo  films  *.?.e  studied  uith  21-32  eV 
photonsr)  the  third  film  uas  studied  uith  100-120  eV  photons. 

The  photoemission  spectra  obtained  on  these  surfaces  are  very  com¬ 
plex,  especially  the  spectra  containing  features  derived  from  ionizing 
the  0-2p  subshell.  We  will  first  give  a  summary  of  the  different  forms 
of  oxygen  adsorbed  in  Cs  and  the  corresponding  0-2p  related  features  in 
the  photoemission  spectra  (4.1).  Detailed  examination  of  the  photoemis¬ 


sion  spectra  will  be  given  in  sections  4.2  and  4.3. 


4.2  covers  the 


valence  band  region  spectra  and  4.3  covers  the  spectra  of  core  levels 


and  Auger  transitions. 

4.4.1  Summary  of  0-2p  Related  Features 

The  evolution  of  0-2p  related  features  in  the  photemission  spectra 
with  increasing  oxygen  exposure  is  complex.  Previously.  Mi jers  et.  al . 
171,  studying  a  limitted  range  of  oxygen  exposures  and  showing  differ¬ 
ence  curves  only,  have  concluded  the  existence  of  only  two  different 
states  of  oxygen  adsorbed  in  Cs.  Me  have  compared  phoemission  spectra 
with  oxygen  exposure  exposure  ranging  from  0.1  L  to  200  L,  at  which 
point  the  oxidation  appears  to  have  reached  saturation,  and  we  have 
identified  four  different  states  of  oxygen.  Detailed  examination  of  the 
photoemission  spectra  of  these  four  states  of  oxygen  will  be  given  in 
4.2.  Here  we  summarize  the  binding  energies  of  0-2p  related  features  of 
the  four  states  of  oxygen  in  table  7. 

TABLE  7 

Summary  of  binding  energies  of  different  oxygen  states  observed  in  the 

oxidation  of  Cs 


State  Label 

BE's  of  features  (eV) 

A 

2.7,  (4.4)*,  (5.4)* 

B 

3.3,  6.4,  7.8 

' 

C 

5.5,  8.3,  10.4 

D 

4.7,  5.8,  6.2,  8.5,  10.7 

*Plasmon  losses 

from  the  2.7  eV  peak,  see  text. 

158  - 


.2 


The  first  13  eV  of  EDCs  taken  at  hv=30  eV  for  the  first  film  sub¬ 
jected  to  increasing  oxygen  exposures  are  shoun  in  fig.  46.  A  small 
amount  of  oxygen  was  incorporated  into  the  Cs  film  prior  to  the  intended 
oxygen  exposure,  as  can  be  seen  from  the  bottom  curve  in  fig.  46.  The 
"contanminant"  feature  (at  2.7  eV  below  the  Fermi  level)  grows  in  inten¬ 
sity  with  subsequent  oxygen  exposures.  By  comparing  the  intensity  of 
the  2.7  eV  BE  peak  before  and  after  the  0.1  L  exposure,  the  amount  of 
the  oxygen  incorporated  into  the  Cs  film  prior  to  the  intended  oxygen 
exposure  is  estimated  to  be  equivalent  to  that  due  to  0.1  L  of  con¬ 
trolled  exposure. 

The  2.7  eV  BE  peak  (labeled  A1  in  fig.  46)  is  the  dominant  feature  in 
the  spectra  shoun  in  fig.  46.  The  conspicuous  growth  of  it  after  the  2  l 
exposure  is  especially  clear.  This  feature  is  associated  with  state  A 
oxygen  (table  7  in  section  4.1).  The  2.7  eV  peak  has  been  observed  by 
Gregory  19]  on  similarly  prepared  Cs  film  with  low  photon  energy,  and  by 
Simon  18]  for  bulk  suboxides  (Csi 1O3, CS7O)  and  mono-oxide  (CS2O). 

Other  weaker  features  are  seen  in  the  region  of  3.2  eV,  4.4  eV,  5.4 
eV,  6.1  eV  and  7.8  eV  BE.  The  feature  at  3.3  eV  BE  (labeled  B1  in  fig. 
46)  obviously  is  not  associated  with  the  same  oxygen  state  responsible 
for  the  2.7  eV  peak,  because  its  intensity  does  not  increase  in  propor¬ 
tion  to  that  of  the  2.7  eV  peak  in  going  from  0.5  L  to  2  L  exposure.  It 
is  the  first  feature  which  we  have  entered  for  state  B  oxygen  in  table 
7.  This  feature,  which  is  discernable  in  the  0.5  L  spectrum,  becomes 
completely  smeared  in  the  2  L  spectrum  due  to  its  overlap  with  the 
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Figure  46:  The  first  13  eV  of  the  EDO's  of  clean  and  oxygen-exposed  Cs 
taken  at  hv=  30  eV.  Some  oxygen  uas  incorporated  into  the 
Cs  film  prior  to  the  intended  exposure  (the  bottom  curve). 
Hotice  that  emission  from  the  valence  band  of  Cs  is  visible 
in  al 1  spectra. 
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strong  2.7  eV  peak  and  a  new  feature  (A2)  appeared  at  -4.4  eV  below  the 
Fermi  level  (labeled  A2  in  fig.  46).  Both  feature  A2  and  feature  A3 
(which  is  further  discussed  belou)  become  significantly  only  after  the  2 
L  exposure  at  uhich  point  the  2.7  eV  peak  dominates  the  spectrum.  The 
energy  position  of  feature  A2  is  appropriate  for  a  surface  plasmon  loss 
from  the  2.7  eV  peak  if  the  surface  plasmon  energy  of  the  oxygen-exposed 
Cs  film  is  reduced  to  "1.7  eV  from  the  2.2  eV  value  of  clean  Cs.  Such 
reduction  in  the  surface  plasmon  energy  is  also  observed  in  core  level 
spectra  to  be  discussed  below.  Surface  plasmon  energy  of  ~1.7  eV  has 
also  been  observed  by  Simon  (81  in  bulk  Cs  suboxides  (Csu03>  Cs?0). 
Feature  A3  is  at  an  energy  position  appropriate  for  a  bulk  plasmon  loss 
from  the  2.7  eV  peak.  Thus  features  A2  and  A3  ae  also  entered  in  the 
first  rou  of  table  7  in  parenthesis,  as  has  been  explained  in  section 
4.1. 

Devel opements  of  the  peaks  in  the  regions  of  6.1  eV  and  7.8  eV  with 
increasing  exposure  are  less  clear  in  their  relation  to  the  state  A  oxy¬ 
gen  and  the  state  B  oxygen.  The  intensity  in  the  6.1  eV  region 
increased  more  than  that  in  the  7.8  eV  region  from  0.1  to  0.5  L  expo¬ 
sure.  The  shape  of  the  6.1  eV  feature  also  changed  slighlty  in  going 
from  0.1  L  to  0.5  L,  indicating  the  possible  existence  of  two  peaks 
under  this  feature.  In  the  2  L  spectrum,  a  shoulder  at  5.7  eV  BE 
(labeled  A3  in  fig.  46)  indeed  becomes  distingushiable.  It  is  therefore 
possible  that  in  the  lou  exposure  (0.1  L  and  0.5  l)  spectra  the  6.1  eV 
feature  has  contribution  from  both  the  state  associated  with  the  2.7  eV 
(state  A)  peak  and  the  state  associated  with  the  3.3  eV  peak  (state  B). 
The  7.8  eV  feature  grew  significantly  only  at  2  L  exposure.  It  is  thus 
tempting  to  associate  it  with  the  2.7  eV  peak,  but  the  simultaneous 
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growth  of  the  3.3  eV  peak  at  2  L  exposure  makes  such  association  com¬ 
pletely  ambiguous.  A  definite  separation  of  the  oxygen  induced  features 
into  tuo  states  will  be  seen  below  in  the  results  obtained  on  another  Cs 
surface. 

Studies  of  higher  oxygen  exposures  (than  that  made  on  film  No.  1) 
were  made  on  a  second  Cs  film*  and  the  results  are  shown  in  fig.  <17. 
Same  oxygen  induced  features  as  those  found  on  film  No.1  (fig.  46).  are 
present  on  this  surface  after  the  first  oxygen  exposure.  The  difference 
is  that,  at  1  L  exposure,  the  3.3  peak  (81)  showed  intensity  comparable 
with  that  of  the  2.7  eV  peak  (A1,  fig.  47).  Thus,  this  film  exposed  to 
1  L  oxygen  appears  to  be  in  a  even  more  advanced  oxidation  stage  than 
film  No.1  exposed  to  2  L  oxygen.  Such  difference  is  likely  to  be 
explained  by  the  difference  in  substrate  temperature  and/or  texture, 
therefore  no  special  significance  will  be  given  to  the  absolute  values 
of  exposures.  (Film  No. 3,  to  be  discussed  below,  appeared  to  be  in  the 
most  advanced  oxidation  stage  among  the  three  films  after  1  L  exposure; 
the  temperature  of  film  No.  3  happened  to  be  the  lowest  of  the  three.) 
Me  also  notice  that  (in  fig.  51)  with  most  of  the  strength  of  the  5p 
levels  shifted  to  lower  BE,  the  spin-orbit  splittin  of  the  5p's  becomes 
1.5520.05  eV,  which  is  narrower  than  that  found  for  clean  Cs. 

Uith  10  l  exposure  on  film  No. 2,  the  2.7  eV  peak  disapperaed  com¬ 
pletely.  The  3.3  eV  peak  revealed  its  full  shape  and  shows  a  FWHM  of  -1 
eV.  It  therefore  appears  that  we  observed  a  single  state  of  oxygen  at 
this  stage,  whereas  in  earlier  stages  of  oxidation  we  observed  a  mixture 
of  states.  Since  the  relative  height  of  the  3.3  eV,  6.1  eV,  and  7.8  eV 
peak  remains  about  the  same  in  going  from  1  l  spectrum  to  the  10  L  spec- 
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Figure  47:  The  first  13  eV  of  the  EDC's  obtained  on  Cs  film  No. 2  before 
and  after  a  sequence  of  oxygen  exposures.  Emission  from  the 
valence  band  of  Cs  is  visible  after  the  1  l  exposure,  but  it 
disappeared  completely  after  10  L  and  higher  exposures. 


trum,  the  oxygen  state  associated  with  the  2.7  eV  peak  is  likely  to  have 
little  contribution  to  intensities  near  6.1  eV  and  7.3  eV  BE  regions.  Me 
therfore  make  the  assignments  of  the  features  to  the  first  two  oxygen 
states  as  that  were  entered  in  the  first  two  rows  in  table  7. 

The  transition  from  state  A  to  state  B  is  also  characterized  by  the 
disappearance  of  emission  near  the  Fermi  level.  As  can  be  seen  in  fig. 
46.  when  adsorption  of  oxygen  in  state  A  sominates  at  low  exposures, 
emission  near  the  Fermi  level  can  be  clearly  seen.  When  adsorption  of 
oxygen  in  state  9  becomes  dominant,  as  is  the  case  of  the  10  L  spectrum 
in  fig.  47,  the  emisssion  near  the  Fermi  level  disappears  completely. 
This  observation  suggests  that  when  oxygen  adsorption  in  state  A  occurs, 
the  surface  region  of  Cs  remains  metallic.  This  justifies  the  associa¬ 
tion  of  state  A  oxygen  with  Cs  suboxides  of  O'2  ions  disolved  in  Cs, 
which  will  be  discussed  in  section  5. 

Another  even  more  drastic  change  characterizing  the  transition  from 
state  A  to  state  B  is  a  sharp  increase  in  the  photoelectron  yield. 
(Notice  that  all  spectra  in  figs.  46  -  57  are  normalized  such  that  com¬ 
parison  of  intensities  between  spectra  is  possible.)  As  shown  in  fig. 
48,  the  secondary  electron  tails  were  flat  in  the  clean  and  the  1  l 
spectra,  but  become  sharply  peaked  in  spectra  of  oxygen  exposures  above 
10  L.  The  yield  in  the  primary  photoelectrons  also  increases  signifi¬ 
cantly  in  going  from  1  l  to  10  L  exposure,  as  evidenced  by  the  increase 
in  the  area  under  the  Cs-5p  levels  shown  in  fig.  48.  The  low  yield  of 
the  clean  and  the  1  L-exposed  Cs  films  is  characteristic  of  metallic 
surfaces  with  short  photoelectron  escape  depth,  whereas  the  high  yield 
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Figure  Ai: 


Changes  in  the  photoelectron  yield  of  Cs  at  hv=  30  ev  when 
subjected  to  a  sequence  of  oxygen  exposures. 
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of  the  Cs  films  subjected  to  10  L  and  higher  exposures  is  typical  of 
semiconducting  or  insulating  surfaces  uith  moderate  photoelectron  escape 
depth. 

A  third  distinction  between  state  A  oxygen  and  state  3  oxygen  is  the 
difference  in  chemical  shifts  induced  in  the  5p  levels;  discussion  of 
this  point  will  be  deferred  until  section  4.3. 

More  oxygen  induced  states  were  observed  at  higher  oxygen  exposures. 
In  fig.  47,  new  peaks  appear  in  the  30  L  spectrum  at  S.5  eV.  8.5  eV  and 
10.4  eV  BE.  The  10.4  eV  8E  feature  appears  as  a  shoulder  on  the  high  BE 
side  of  the  5p  levels  (fig.  51,  labeled  C3  and  D5).  The  possibility  of 
this  peak  being  a  shifted  5p  level  must  be  explored,  although  it  would 
imply  an  unuaually  large  negative  shift  —  1.7  eV  toward  lower  BE.  Neg¬ 
ative  shift  of  this  order  had  indeed  been  suggested  by  Feubacher  in  his 
study  of  the  oxidation  of  Cs  1101.  This  possibility,  however,  is  ruled 
out  in  this  work  by  examining  changes  in  other  Cs  core  levels  upon  oxi¬ 
dation  (to  be  discussed  below  in  4.3).  Reminiscence  of  the  three  peaks 
associated  with  state  B  can  be  easily  recognized  in  the  30  l  spectrum, 
although  these  peaks  appeared  to  have  shifted  to  lower  BE  by  about  0.2 
eV.  Thus  the  new  oxygen  features  introduced  by  the  30  L  exposure  are  at 
5.5  eV  (Cl),  8.3  eV  (C2),  and  10.4  eV  (C3)  below  the  Fermi  level;  these 
features  correspond  to  the  emergence  of  a  new  state  of  oxygen,  state  C, 
as  given  in  the  third  row  of  table  7. 

In  the  100  L  spectrum,  the  intensity  of  the  3.3  eV  peak  is  further 
reduced,  and  the  6.4  eV  and  the  7.8  ev  peaks  are  barely  recognizable  in 
the  background  distribution.  Two  new  features  (01  and  02)  clearly 
appear  at  4.7  and  5.8  eV  BE  in  the  100  l  spectrum;  shoulders  at  6.2  eV 


BE  (03)  and  10.7  eV  BE  (05)  are  also  discernable.  The  intensity  fitting 
the  region  between  4.7  and  5.S  eV  BE  is  due  to  the  remains  of  ti-e  5.5  eV 
peak  in  the  30  L  spectrum.  The  remains  of  the  10.4  eV  feature  is  also 
visible  in  the  100  L  spectrum  (fig.  47).  The  strength  of  the  feature  at 
-8.4  eV  BE  (04),  when  compared  to  that  of  the  remains  of  the  5.5  eV  peak 
(Cl),  is  too  strong  to  be  considered  simply  from  feature  C2  of  the  state 
C  oxygen.  Thus  five  features  are  introduced  by  the  100  L  exposure,  and 
they  correspond  the  fourth  state  of  oxygen  -  state  0  in  table  7  - 
adsorbed  in  Cs.  The  5p  levels  moved  to  lower  BE  in  going  from  10  L  to 
30  L  exposure  (fig.  51),  but  moved  back  to  higher  BE  (12.0  eV  for 
5pa/z)  with  100  l  exposure.  Apparent  changes  in  the  relative  height  of 
the  5P3/z  and  5pi/z  peaks  are  also  observed  in  going  from  10  L  to  30  L 
and  100  L  spectra.  This  change  in  the  relative  height  of  the  5p  levels 
cannot  be  completely  explained  by  the  overlap  with  the  10.4  eV  and  /or 
the  10.7  eV  oxygen  peak,  unless  an  unusually  broad  peak  is  assigned  to 
the  10.4  eV  and/or  the  10.7  eV  peak. 

The  100  L  spectrum  in  fig.  47  is  representative  of  a  "saturation" 
stage  of  the  oxidation  of  a  Cs  film  in  our  experimental  conditions. 
This  saturaion  is  established  by  comparing  the  100  L  and  200  L  spectra 
of  a  third  Cs  film  studied  with  100  eV  photon.  The  top  two  curves  in 
fig.  49  are  those  two  spectra.  Only  small  changes  can  be  seen  by 
increasing  oxygen  exposure  from  100  l  to  200  l.  On  the  other  hand,  a 
one  to  one  correspondence  is  found  between  the  features  in  the  100  l 
spectrum  of  fig.  47  and  the  200  l  spectrum  of  fig.  49.  Me  can  therefore 
complete  the  list  of  oxygen  states  as  shown  in  table  7. 
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Figure  49:  The  first  13  eV  of  the  EOC's  obtained  on  Cs  film  No. 3  before 
and  after  oxygen  exposures*  spectra  taken  at  hv=  100  eV. 


4.4.3  Core  Levels  and  Auger  Transitions 

In  this  subsection,  ue  discuss  the  changes  induced  by  oxygen  adsorp¬ 
tion  in  Cs  core  levels  and  Auger  transitions.  The  5p  levels  of  tuo  Cs 
films  (figs.  50  and  51)  have  been  studied  uith  high  energy  resolution 
(0.25  eV)  using  photon  energies  between  21  and  32  eV.  Due  to  the  low 
counting  rate  at  high  photon  energies  (MOO  eV),  the  Cs-5p  levels  of  a 
third  Cs  film  (fig.  52)  were  studied  uith  far  poorer  energy  resolution 
(-0.7  eV);  the  results  from  this  film,  however,  are  included  here 
because  (1)  ue  are  interested  in  comparing  the  oxygen  induced  changes  in 
the  5p's  to  those  in  the  5s  and  the  4d  levels;  the  latter  levels  were 
measured  only  on  this  film,  and  (2)  different  sampling  depth  is  given  by 
the  high  photon  energy  spectra  of  the  5p  levels. 

Fig.  50  shows  the  clean  and  oxygen  exposed  Cs  film  No.1,  and  fig.  51 
gives  the  5p  levels  of  film  Ho. 2.  Although  changes  in  the  5p  levels  up 
to  0.5  L  oxygen  exposure  are  not  pronounced,  noticable  broadening  in  the 
low  BE  side  of  the  5pa/Z  level  and  the  filling  of  the  valley  beueen  the 
tuo  5p's  can  be  seen  in  fig.  50.  At  2  L  exposure,  a  peak  shifted  to  low 
BE  by  0.6  eV  has  definitely  developed.  On  film  Ho. 2,  however,  most 
strength  of  the  Cs-5p  is  seen  to  have  moved  by  0.6  eV  toward  lower  BE 
(fig.  51)  after  the  1  l  exposure.  As  mentioned  earlier,  such  difference 
is  likely  to  be  due  to  diference  in  the  temperature  and/or  the  texture 
of  the  Cs  films.  The  extra  intensity  near  15.3  eV  BE  is  due  to  surface 
plasmon  associated  with  the  shifted  peak.  Although  the  surface  plasmon 
loss  feature  appears  to  be  smeared  in  either  the  2  L  spectrum  of  fig.  50 
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or  in  the  1  L  spectrum  of  fig.  51,  it  can  roughly  be  located  at  1.7  eV 
below  the  Cs-5ps/i  peak,  as  indicated  in  figs.  50  and  51.  Another 
change  in  the  Cs-5p  levels  after  -1  L  oxygen  exposure,  as  can  be  seen  in 
fig.  51.  is  the  decrease  in  the  spin-orbit  splitting  from  the  1.9  eV  of 
clean  Cs  to  1.5  eV. 

The  shift  of  the  5p  levels  to  lower  BE  by  C.6  eV  and  the  retention  of 
the  surface  plasmon  loss  feature  associated  with  the  5p  are  additional 
signatures  of  the  state  A  oxygen.  The  surface  plasmon  loss  associated 
with  the  5p's  disappeared  when  Cs  film  No.  2  was  further  exposed  to  10  L 
oxygen,  at  which  point  the  state  B  oxygen  dominates.  As  can  be  seen  in 
fig.  51,  the  5p  levels  at  10  l  exposure  shifted  to  higher  BE  relative 
to  the  5p  levels  at  1  L  exposure,  although  they  are  still  0.1  eV  above 
the  5p  levels  of  the  clean  surface.  The  binding  energy  of  the  5p's  were 
little  affected  after  the  oxygen  exposure  was  further  accumulated  to  30 
l  and  100  L.  The  spin-orbit  splitting  remains  to  be  1.5  eV  -  a  value 
0.4  eV  smaller  than  that  of  clean  Cs  -  throughout  the  whole  range  of 
oxygen  exposures  studied  on  Cs  film  No. 2. 

In  section  4.2  above,  we  have  found  consistent  changes  in  the  valence 
band  region  spectra  of  film  No. 2  and  film  No. 3  after  exposing  them  to 
oxygen,  we  point  out  below  that  consistent  changes  in  the  5p  levels  upon 
oxidation  can  also  be  found.  The  1  L  spectrum  in  fig.  49  contains  more 
intensity  from  state  B  than  the  1  l  spectrum  in  fig.  47,  but  it  still 
contains  substantial  emission  from  state  A.  In  the  spectrum  of  the  5p 
levels,  the  existence  of  state  Aafter  the  1  L  exposure  is  also  verified 
by  the  residual  plasmon  loss  features  seen  in  the  I  L  spectrum  in  fig. 
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Figure  51:  EOC's  of  the  Cs-5p  levels  of  the  surfaces  of  fig.  47 
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52.  Ue  also  recall  that,  in  fig.  51,  the  0.6  eV  negative  shift  and  the 
narrowing  of  the  spin-orbit  splitting  brings  the  5p3/2  peak  right  above 
the  valley  between  the  two  5p  peaks  of  clean  Cs.  This  same  indication  of 
the  existence  of  the  0.6  eV  negative  shift  can  be  seen  in  fig.  52.  This 
negative  shift  is  also  seen  in  the  1  L  spectrum  of  5s  level  in  fig.  53. 
Oxidation  at  10  L  exposure  is  also  more  advanced  on  film  No. 3  than  on 
film  No. 2,  in  the  sense  that  features  from  state  C  are  present  in  the  10 
L  spectrum  in  fig.  49.  Shoulders  at  0.6  eV  on  the  low  BE  side  of  the  5p 
and  the  5s  levels  (which  indicate  the  presence  of  the  state  A  oxygen), 
however,  are  still  visible  in  the  10  L  spectra  in  fig.  52  and  fig.  53, 
respectively.  We  realize  that  the  photoelectrons  detected  in  the  spec¬ 
tra  of  figs.  49,  52,  and  53,  have  much  less  surface  sensitivity  than 
those  detected  in  the  spectra  of  figs.  47  and  51  [ 20 1 .  This  suggests 
that  state  A  oxygen  does  not  disappear  with  the  appearance  of  state  D 
and  C,  but  is  moved  farther  away  from  the  surface.  The  characteristic 
rise  of  the  5p3/*  above  the  5pi/2  peak  at  high  oxygen  exposures  030  l) 
is  also  seen  in  fig.  52.  Although  the  5p  spin-orbit  spitting  is  smeared 
in  most  of  the  after-oxidation  spectra  in  fig.  52,  a  value  smaller  than 
that  of  clean  Cs  is  discernable  in  the  100  L  spectrum. 

The 

Having  established  the  consistency  of  the  oxidation  of  film  No. 3  and 
film  No. 2,  ue  can  point  out  some  interesting  difference  between  the 
changes  in  4d  and  5p  levels  upon  oxidation: 
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Figure  52s  EOC'*  of  the  Cs-5p  level#  of  the  surfaces  of  fig.  49. 
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Figure  S3;  EDO's  of  the  Cs-5s  level  of  the  surfaces  of  fig.  49. 


i)  A  smaller  shift  in  the  4d  levels  is  observed  at  1  L  exposure 
than  that  is  observed  in  the  5p  levels. 

ii)  The  spin-orbit  splitting  of  the  4d  levels  remains  constant  and 
is  equal  to  the  value  of  clean  Cs  throughout  the  uhole  range  of 
exposures,  whereas  that  of  the  5p's  is  reduced  with  oxygen 
exposure . 


One  possible  explanation  of  the  first  point  is  the  different  surface 
sensitivity  between  photoelectrons  originated  from  the  5p's  and  the 
4d's..  The  kinetic  energy  of  the  4d  electrons  excited  by  the  120  eV 
radiation  is  closer  to  the  escape  depth  minimum  than  the  5s  and  the  5p 
electrons  excited  by  the  100  eV  radiation.  Further  support  for  this 
comes  from  4d  spectra  taken  with  110  eV  radiation  (fig.  55).  Photoelec¬ 
trons  detected  in  these  spectra  have  kinetic  energy  even  closer  to  the 
escape  depth  minimum  than  those  in  the  corresponding  120  eV  spectra. 
The  4d  levels  at  1  L  exposure  in  fig.  55  shows  noticably  less  shift 
toward  lower  BE  (-0.2  eV)  than  the  eorrespoding  4d  peaks  in  fig.  54 
does.  Another  possible  contributing  factor  to  this  result  may  simply  be 
that  the  same  state  of  oxygen  can  indeed  induce  different  shifts  in  4d 
and  5p  levels.  Further  consideration  of  this  latter  idea  and  point  (ii) 
noted  above,  will  be  given  below  together  with  discussion  of  the  shifts 
in  the  N00  Auger  transition. 

Ih  e .  MQ9_  fl.yq  e„r.  Jcansi  ,t  j  an 
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Figure  54:  EDC's  of  the  Cs-4d  levels  of  the  surfaces  of  fig.  49  taken 
at  hv=120  eV.  Notice  that  the  spin-orbit  splitting  in  the 
4d,s  is  constant  through  whole  range  of  oxygen  exposures 
studied. 
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Figure  55:  EOC's  of  the  Cs-4d  levels  of  the  same  surfaces  of  fig. 
taken  at  hv=110  eV. 


The  N% , $02 , 3O2 » 3  Auger  transition  gives  a  broad,  featureless  hump  in 
the  kinetic  energy  region  of  35-47  eV.  It  does,  however,  exhibit  some 
interesting  shifts  upon  oxidation.  Me  therefore  display  this  transition 
at  various  oxygen  exposures  in  fig.  56.  The  vertical  bar  under  each 
curve  indicates  the  energy  position  of  the  center  of  gravity  of  that 
curve.  Positions  of  these  bars  are  also  entered  in  table  8.  The  NOO 
transition  is  seen  to  shift  to  0.4  eV  higher  KE  after  1  L  exposure.  Me 
also  observe  the  noticable  narrowing  of  this  transition  with  increasing 
oxygen  exposure  up  to  30  l,  beyond  which  the  width  of  the  transition 
remains  fixed.  This  narrowing  is  consistent  with  the  decrease  of  spin- 
orbit  splitting  of  the  5p  levels  upon  oxidation. 

An  Auger  parameter,  defined  as  the  difference  between  the  binding 
energy  of  the  initial  core  hole  and  the  kinetic  energy  of  the  outgoing 
Auger  electrons,  can  be  obtained  here  despite  the  inaccuracy  imposed  by 
the  broad  width  of  the  NOO  transition.  In  this  work,  this  is  done  by 
directly  taking  the  kinetic  energy  difference  between  the  4dS/-2  level 
excited  with  120  eV  photon  and  the  H00  transition  excited  with  110  eV 
photon.  The  4ds/2  electron  excited  with  120  eV  photon  is  preferred 
because  its  kinetic  energy  is  close  to  that  of  the  NOO  Auger  electron 
excited  by  110  eV,  which,  in  turn,  assures  the  same  probing  depth  below 
the  surface.  The  kinetic  energy  of  4dj/2  electrons  excited  by  110  eV 
photon  and  by  120  eV  photon  actually  track  each  other  very  well,  as 
shown  in  table  8.  Despite  the  inaccuracy  expected  for  the  Auger  parame¬ 
ters  listed  in  table  8,  a  trend  of  change  with  oxidation  can  be  seen: 
The  Auger  parameter  at  1  t  exposure  is  higher  than  the  value  of  clean 
Cs,  and  those  at  higher  exposures  are  lower  than  the  value  of  clean  Cs. 
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Figure  56:  The  HOO  Auger  transition  of  Cs  film  No. 3  at  varous  oxygen 

exposures.  The  vertical  bar  in  each  spectrum  indicates  the 
positions  of  the  center  of  gravity  of  this  peak. 


be  replaced  by  a  stronger  ion  core  polarizability  [25]  to  account  for 
the  increase  in  extra-atomic  relaxation  energy.  Although  such  possibil¬ 
ity  cannot  be  ruled  out,  a  simpler  explanation  in  connection  with  our 
observation  of  unequal  shifts  in  4d  and  5p  levels  is  the  breakdown  of 
the  assumption  of  equal  initial  state  shifts  in  the  tuo  core  levels. 
This  latter  proposal  is  reasonable  if  ue  recognize  that  the  5p  electrons 
are  in  the  outer  shell  of  Cs*  ion  and  may  be  subjected  to  a  potential 
different  from  that  felt  by  the  4d  electrons.  For  example,  Tsai  et  al 
1261,  in  their  X-ray  studies  of  the  structure  of  CsjO,  have  found  that 
the  outer  shell  electrons  of  Cs*  are  highly  polarized  by  the  field  prod¬ 
uced  by  the  O'2  ions  toward  the  region  between  Cs*  layers.  The  most 
intriguing  clue  in  the  present  data  leading  to  the  suggestion  of  differ¬ 
ent  potential  felt  by  the  5p  and  the  4d  electrons  is  that  the  5p  spin- 
orbit  splitting  decreases  upon  oxidation  uhereas  the  4d  splitting 
remains  fixed  at  all  oxygen  exposures  (fig.  54  and  fig.  55).  Since  the 
spin-orbit  splitting  is  determined  by  the  intra-atomic  interaction 
between  the  spin  and  the  orbital  angular  momentum,  a  distortion  of  the 
spatial  orbital  causes  changes  in  the  orbital  angular  momentum  which 
then  change  the  spin-orbit  splitting  [271. 
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Another  Auger  transition,  OVV,  which  involves  the  Cs-5p  levels  and 
the  valence  band  of  Cs,  changes  quite  differently  upon  oxidation,  when 
compared  with  the  N00  transition.  In  fig.  57  ue  show  changes  in  the  OVV 
transition  on  both  film  No. 1  and  film  No. 2  when  substantial  amount  of 
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TABLE  8 


Changes  in  the  binding  energy  of  the  4dj/2  level  and  the  NOO  transition 

at  different  oxygen  exposures. 


Oxygen 

KE  of 

4d5/2(eV> 

KE  of  NOO 

Auger 

Exposure  (L) 

hv=1 10 

eV  hv=120  eV 

(eV) 

Parameter 

0  (clean) 

32.8 

42.8 

46.3 

3.5 

1 

33.0 

43.2 

47.  1 

3.9 

10 

33.0 

43.0 

46.4 

3.  4 

30 

32.9 

42.9 

46.2 

3.3 

100 

32.9 

42.9 

46.2 

3.3 

200 

32.9 

42.9 

46.2 

3.3 

state  A  oxygen  is  observed.  At  higher  exposures  when  state  A  is  no 

i 

longer  observed  in  the  valence  band  region  spectra,  the  OW  transition 
disappears  completely  (fig.  50),  as  would  be  expected  from  the  disap¬ 
pearance  of  the  metallic  valence  band.  The  5p  levels  are  also  included 
in  fig.  57  for  reference.  On  film  No.1  the  5p  levels  are  smeared  at  2  L 
exposure,  so  are  the  shifted  OVV  transitions.  Shift  of  the  OW  trans¬ 
itions  to  lower  kinetic  energy,  however,  is  discernable.  On  film  No. 2 
the  major  strength  of  the  5p  levels  have  shifted  to  lower  BE  at  1  L 
exposure,  hence  two  shifted  OVV  can  clearly  be  identified.  The  shift  is 
1.4  eV  to  lower  kinetic  energy. 

The  change  in  the  kinetic  energy  of  the  OVV  Auger  electrons  upon 
changing  of  chemical  enviroment  of  the  Cs  atoms,  in  analogy  to  the  ana¬ 
lyses  given  above  for  the  NOO  transition,  can  be  expressed  ns 
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AE)c(OVV)  =  AEb(5p)  -  flE  P ( 5p )  -  2AEb(6s)  +  4AEP(6s) 


Since  the  initial  state  energy  of  the  valence  electrons  of  Cs  (Cs-6s) 
does  not  change  upon  adsorption  of  state  A  oxygen  (figs.  46  and  47), 
i.e.,  AEb(6s)=0,  the  above  equation  becomes* 

AEk(0VV)  =  AEb(5p)  -  AEr(5p)  +  4AEPC6s) 

Ue  have  measured  &Eic(0VV)  =  -1.4  eV  and  AEb(5p)  -  4EP(5p)  =  -0.6  eV, 
therefore  ue  have  AEp(6s)=-0.2  eV,  i.e.,  the  relaxation  energy  for  an 
valence  hole  is  reduced  by  0.2  eV  after  -1  L  oxygen  exposure.  Since  the 
relaxation  energy  for  valence  holes  comes  mainly  from  free  electrons  in 
Cs,  its  reduction  is  expected  to  acompany  the  reduction  of  f ree-el ectron 
density  upon  oxidation. 

As  mentioned  earlier,  the  proper  identities  of  the  10.4  eV  C C 33  and 
the  10.7  eV  (D5)  BE  peaks  on  the  lou  BE  side  of  the  Cs-5p  levels  are 
arrived  at  through  comparison  of  5p  and  5s  spectra  taken  with  high 
energy  photons.  As  can  be  seen  in  fig.  52,  a  shoulder  appears  on  the 
lou  BE  side  of  the  5p3/2  level  at  an  energy  position  of  -10.5  eV  BE  in 
the  30  L  spectrum,  and  a  more  pronounced  feature  at  10.7  eV  BE  also 
appears  in  the  spectra  of  100  L  and  200  L  exposures.  No  such  shoulder, 
however,  can  be  found  in  the  corresponding  -pectra  of  the  5s  level  (fig. 
53).  This  suggests  that  the  10.5  eV  and  the  10.7  eV  BE  features  are  oxy¬ 
gen  levels  rather  than  shifted  Cs-5p  levels. 


fWe  did  not  consider  interatomic  Auger  transition  between  Cs  and  0,  the 
kinetic  energy  of  such  Auger  transition  is  estimated  to  be  at  least  4  eV 
lower  than  that  of  the  0W  and  hence  would  be  too  close  to  the  lou 
energy  cutoff  to  be  observed. 
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Figure  57:  Changes  in  the  OVV  Auger  transitions  at  lou  oxygen 

exposures.  The  Cs-5p  levels  are  also  included.  We  notice 
that  the  OVV  transition  and  the  5p's  shifted  in  the  opposite 
direction  after  the  oxygen  exposures. 


In  fig.  54,  0-2s  is  found  at  19.4  eV  BE  throughout  the  whole  exposure 
sequence.  Whether  state  A  gives  a  different  0-2 s  level  in  the  1  L  spec¬ 
trum  cannot  be  determined  unambiguously  because  of  the  poor  signal  to 
noise  ratio  in  that  region.  The  0-2s  level  can  also  be  seen  in  30  eV 
spectra  (fig.  50),  but  is  obscured  by  the  secondary  tail  so  no  accurate 
BE  can  be  obtained  there  either. 

4.5  RESULTS  ANO  DISCUSSION  -  IDENTIFICATION  OF  THE  OXYSEN  SPECIES 
ADSORBED  IN  CS 

The  summary  of  oxygen  induced  features  given  in  table  7  appears  to  be 
very  complicated,  as  can  be  expected  from  the  complicated  Cs-0  phase 
diagram.  On  the  other  hand,  a  rather  simple  picture  of  the  sequence  of 
oxygen  states  in  table  7  emerges  from  examining  the  phase  diagram.  In 
table  4,  ue  listed  the  known  Cs-0  compounds  in  the  phase  diagram 
together  with  the  shortest  0-0  distance  in  each  case. 

The  last  column  of  table  9  suggests  a  simple  picture:  suboxides, 
CS7O.  CssO,  Csn03,  Cs30,  and  the  oxide  Cs20,  contai ,  0'z  ions,  the  per¬ 
oxide,  Cs202,  contains  02'1  ions,  the  sesquioxide,  Cs203,  contains  a 
mixture  of  02'2  and  02'  ions,  and  the  super  oxide,  Cs02  contains  02* 
ions.  Although  in  our  experimental  condition,  formation  of  stoichiome¬ 
tric  compounds  with  long  range  order  such  as  those  listed  in  table  9  may 
not  be  expected,  an  oxidation  sequence  with  oxygen  incorporated  in  sur- 
roudings  locally  similar  to  the  structures  of  those  compounds  is  very 
likely  to  occur.  We  therefore  expect  to  obtain  a  series  of  spectra  in 
our  studies  that  are  related  to  the  various  ionic  species  of  oxygen; 
such  correspondence  between  the  oxygen  adsorbed  in  Cs  and  various  free- 
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TABLE  9 


The  nearest  0-0  distance  in  Cs-0  compounds  (a) 


Compound 

0-0  distance  (a) 

Oxygen  Species 

CS7O 

3.92(b) 

O'* 

Csi,0 

4.06 

0-2 

CS11O3 

4.04(b) 

O’2 

Cs30 

Cs20 

4.256 

O’2 

Cs202 

1.49(e) 

02  *  2  (C) 

Cs„04 

1.29(d) 

2  02-  +  1  02*2. (d.f) 

Cs02 

1.29(e) 

02 - (d,  f  ) 

(a)  Values  uithout  a  reference  are  from  Wykoff  1281.  (b)  Ref.  8. 

(c)  Ref.  29.  (d)  Ref.  30.  (e)  Ref.  31. 

(f)  Confirmed  by 
magnetic  measurements. 

ion  species  of  oxygen  will  be  examined  below  in  two  separate  steps*.  We 
uill  first  compare  the  energy  separations  of  the  multiple  features  of 
each  state  in  table  7  with  the  energy  separations  of  the  multiplets  of 
an  individual  oxygen  species  (section  5.1).  and  then  we  will  attempt  to 
relate  the  binding  energy  of  the  lowest  BE  feature  of  a  state  to  the 
first  ionisation  energy  of  a  corresponding  oxygen  species  (section  5.2). 
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4.5. 1 


Mu  1 1 i p 1 e t  structure 

In  fig.  58,  ue  give  the  multiplet  structures  expected  for  ionizing, 
from  top  to  bottom,  0*2.,  02'2.,  and  02'.  The  energy  position  of  the 
leading  peak  in  each  case  is  assigned  as  the  energy  zero,  because  only 
the  energy  separations  will  be  compared  with  measured  spectra.  The  rel¬ 
ative  height  of  the  multiplets  of  an  oxygen  species  indicated  in  fig.  58 
is  simply  based  on  the  spin-orbit  degeracy  of  the  individual  multiplets. 
The  degeneracies  are  true  measure  of  the  relative  intensity  of  these 
multiplets  in  a  photoemission  spectrum  only  uhen  the  ionization  proba¬ 
bilities  of  all  orbitals  are  equal. 

In  fig.  58,  ue  have  also  indicated  (with  heavy  short  bars)  the  energy 
positions  of  the  multiplets  of  three  experimentally  observed  states: 
state  A  is  compared  to  O'2,  state  B  is  compared  to  0**2,  and  state  0  is 
compared  to  02" . 

As  has  been  discussed  in  detail  in  the  last  section,  state  A  oxygen 
gives  a  single  peak  in  the  photoemission  spectrum  uhen  the  0-2p  subshell 
is  photoionized.  (The  4.4  eV  and  the  5.7  eV  BE  features  in  table  7  are 
plasmon  losses.)  The  0*2  ion  has  a  close  shell  configuration  and  gives 
a  single  peak  uhen  ionized  (ignoring  the  very  small  spin-orbit  split¬ 
ting).  The  0*2  ion  is  the  only  oxygen  species  that  gives  a  single  peak 
in  the  photoemission  spectrum  uhen  the  0-2p  subshell  is  photoionized, 
hence  it  is  identified  with  the  state  A  oxygen  adsorbed  in  Cs.  (Neutral 
0  atom  gives  three  multiplets  at  ionization  energies  2.4  eV,  4.25  eV, 
and  7.4  eV  with  an  intensity  ratio  of  1:3. 5:3  [32];  the  O'  ion  also 
gives  three  multiplets  at  ionization  energies  1.5  eV,  3.5  eV,  and  5.7  eV 
uith  an  intensity  ratio  of  9:5:1.) 
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Figure  58:  Comparison  of  the  multiplet  structures  of  free  (thin  lines) 
and  adsorbed  (short  bars)  oxygen  species;  0*2  with  state  A 
(top),  0 2 " 2  with  state  B  (center),  and  02*  uith  state  D 
(bottom).  Only  energy  separations  are  compared;  in  each 
case,  the  energy  aero  is  chosen  to  be  the  energy  position  of 
the  leading  oxygen  multiplet.  Designation  of  the  multiplets 
are  indicated  on  top  of  the  thin  vertical  linos,  and  the 
molecular  orbital  origin  of  each  multiplet  is  also  indicated 
below  the  lines. 
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A  feu  words  of  explanation  of  the  origins  of  the  multiplets,  and  of 
the  sources  of  information  of  the  energy  separations  of  the  0 *'2  and  the 
0* '  ions  will  be  given  before  evaluating  their  ralations  to  state  B  and 
state  D  oxygen. 

Since  the  O*'2  ion  has  the  close  shell  configuration  l7tu,,3og2  1ng* ,  it 
gives  three  features  in  the  photoemission  spectrum  corresponding  to  ion¬ 
izing  the  3o9  (leading  to  the  2Eg*  multiplet),  the  1iru  (leading  to  the 
2KU  multiplet).  and  the  1ug  (leading  to  the  2IIg  multiplet)  orbitals. 
Energies  of  these  multiplets  given  in  fig.  58  are  those  calculated  by 
Krauss  et  al  134]  for  0*"  (the  final  state  of  the  ionization  process. 
Of2  -»  02"  +  e")using  MCSCF  method,  which  had  also  been  included  in  the 
theoretical -experimental  data  compiled  by  Krupernie  [34],  Other  muti- 
plets  of  O2*  which  arise  from,  for  example,  the  configuration 
litu1' 3ag2 1ng2 3®u»  are  not  included  in  fig.  58.  Such  excited  states  of 
0**  are  arrived  a*  by  ejection  of  one  photoelectron  and  simultaneous 
excitation  of  another  electron  into  the  empty  3og  orbital;  this  type  of 
process  has  lou  prsbability  to  occur  and  has  been  neglected  in  preparing 
fig.  58. 

The  energy  positions  of  the  multiplets  of  O2  (the  final  state  of  the 
ionization  process  0*’  ■*  0*  +  e')  in  fig.  57  was  obtained  from  potential 
curves  compiled  by  Krupenie  1351  at  an  0-0  distance  of  1.30  k;  more 
recent  CVB-CI  calculations  of  (loss  and  Goddard  1361  give  values  in  close 
agreement  with  the  compilation  of  Krupenie.  The  molecular  orbitals  from 
which  the  multiplets  are  originated  are  also  indicated  in  fig.  58 
'ionization  of  an  1i?g  electron  gives  the  3rg*.  ’Zg*  and  the  '8g  multi- 
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plets  of  the  configuration  3og2  1iru"  lit  ,  of  an  1  iru  electron  gives  the 
’lu*.  the  3AU»  the  3ZU4»  the  3IU‘»  the  ’6U,  and  the  ’Ey4  multiplets  of 
the  configuration  3cg2  liru3lffs3>  and  of  an  3cg  electron  gives  the  ’Hg 
multiplet  (value  for  the  3!Ig  not  available)  of  the  configuration 

3<rg1vu'  IP33. 

We  immediately  see  in  the  center  panel  of  fig.  53  that  an  excellent 
agreement  exists  between  the  multiplet  splitting  of  state  B  and  those  of 
the  02 " 2  ion.  In  the  bottom  panel  of  fig.  53,  ue  recognizethe  remarka¬ 
ble  agreement  in  energy  separations  between  the  three  leading  peaks  of 
state  0  and  the  three  multiplets  produced  by  ionizing  the  1irg  orbital 
of  02*.  The  relative  intensity  of  the  three  leading  peaks  of  state  D  is 
also  reasqnably  close  to  that  given  by  the  spin-orbit  degeneracies  of 
3Zg*.  1ag,  and  ’Zg4.  Multiplets  ‘Zu'*  3AU,  and  3ZU4  are  distributed 
uithin  0.33  eV  and  centered  at  4.5  eV  below  the  3Eg‘  state;  they  can  be 
related  to  the  8.7  eV  BE  peak  (4.0  eV  below  the  leading  peak)  of  state 
0.  The  3ZU’  mltiplet  (6.7  eV  below  3Zg")  can  be  related  to  the  10.7  eV 
peak  (6.0  eV  below  the  leading  peak)  of  state  D.  Multiplets  1 1I '6U, 
and  ’Zu*»  if  occur  in  the  spectrum  of  state  4,  are  degenerate  with  the 
Cs-5p  levels  and  cannot  be  directly  observed.  A  hint  of  the  existence 
of  these  multiplets  in  the  spectrum  of  state  D,  however,  is  given  by  the 
reversal  of  the  relative  height  of  the  two  5p  peaks  as  mentioned  earlier 
(fig.  51).  Overall,  the  identification  of  state  D  with  02‘  is  well  jus¬ 
tified. 

The  nearly  perfect  agreement  between  the  multiplet  splittings  of  free 
02*2  and  sorbed  02"2  suggests  that  little  differential  relaxation  has 
occured  for  different  molecular  orbitals  when  inserting  02*2  into  a 
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solid  state  enviroment.  This  is  believed  to  be  due  to  the  close-shell 
configuration  of  O2'2.  Since  all  three  molecular  orbitals  3og.  1itu.  and 
1it9  are  fully  occupied*  little  interaction  of  these  orbitals  with  the 
solid  enviroment  is  expected.  In  contrast  to  the  case  of  02*2,  signifi¬ 
cant  differentia!  relaxation  of  the  multiplets  of  the  O*"  ion  is 
observed  when  inserting  Oj*  into  solids  (the  bottom  panel,  fig.  58). 
This  differential  relaxation  can  be  related  to  the  open  shell  configura¬ 
tion  of  the  O2*  ion. 

So  far.  the  state  C  oxygen  has  not  been  associated  uith  a  particular 
oxygen  species.  Since  state  C  appears  at  exposures  intermediate  to 
those  required  to  produce  state  B  (Oi*2.)  and  state  D  C 0 ^ ,  it  might  be 
related  to  CS2O3  uhich  table  9  has  suggested  to  contain  a  mixture  of 
O2*2  and  O2*  ions.  The  presence  of  the  5.5  eV  peak  and  the  absence  of 
the  three  leading  peaks  of  state  D  in  the  spectrum  of  state  C,  houever, 
prohibit  the  interpretation  of  state  C  being  a  mixture  of  02*2  and  O2'. 
It  is  therefore  interesting  to  re-examine  the  assignment  of  the  oxygen 
species  in  Cs203.  In  the  work  of  Helms  and  Klemm  [311  on  the  sesquiox- 
ide.  although  the  measured  magnetic  susceptibility  can  uell  be  explained 
by  2  0t*  and  1  02*2  in  the  Cs^COzIs  f ormul ae-uni t,  the  structural  study 
has  shown  Oz"  and  0*'2  to  be  geometr ica! 1 y  equivalent.  O2"  and  Ox'2 
ions  are  known  to  have  significantly  different  sizes:  when  the  size  is 
measured  in  terms  of  a  rotational  ellipsoid  enclosing  the  (0-0)*n  ion. 
02*  has  a  2.02  A  long  axis  and  a  1.51  A  short  axis,  and  O2'2  has  a 
2.56  A  long  axis  and  a  1.67  A  short  axis  [311.  Such  difference  in  size 
appears  to  be  suppressed  in  the  crystal  lattice  of  CszOs*  so  that  no 
special  site  can  be  identified  for  either  0z'  or  02*2.  It  is  therefore 
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not  inconceivable  that  the  oxygen  species  in  Csi,0t  is  also 
indistinguishable  eletronic-structure-uise  and  can  be  described  by  an 
average-of-conf iguration  of  02**»  with  t  being  a  non-integral  value 
between  1  and  2.  An  oxygen  species  with  such  an  electronic  structure  is 
consistent  with  our  data  and  ue  suggest  it  to  be  the  identity  of  state 
C. . 


Overall  ue  have  seen  in  this  subsection  that  the  oxygen  states 
observed  in  the  oxidation  of  Cs  films,  with  the  exception  of  state  C, 
can  be  uell  understood  in  terms  of  the  multiplet  structures  of  free  oxy¬ 
gen  ions.  This  demonstrates  that  the  multiplet  splitting,  which  is 
caused  by  the  photoionization  process,  is  not  supressed  in  a  solid  state 
enviroment. 

4.5.2  Thg,-BirnliiTa_Enerje.5..and_tAs...lpni2?ti9n.Cngrqi?s 

The  comparison  made  in  the  previous  subsection  between  free  oxygen 
ions  and  oxygen  species  in  solids  were  based  on  energy  separations 
between  different  multiplets.  A  semiquanti tati ve  comparison  of  the 
absolute  binding  energies  can  also  be  made.  In  this  subsection  ue  will 
attempt  to  predict  the  binding  energies  of  the  highest  lying  levels  of 
state  A,  a,  and  0  from  the  first  ionization  energies  of  O'2,  O2'2,  and 
0S*.  Such  sttempt  not  only  facilitates  better  identification  of  the 
oxygen  species  but  also  helps  understand  the  binding  force  in  cesium 
oxides. 


The  general  equation 


The  binding  energy  of  an  electron  on  an  ion  in  a  solid.  E*.  is  rela¬ 
ted  to  the  ionization  energy  of  a  free  ion,  Efi,  as 

Ex=Efi  +  Eb  -  Er  (1) 

Ep  in  eq.(1)  is  the  extra-atomic  relaxation  energy  introduced  by  the 
photoionization  process  in  a  solid,  as  has  been  discussed  in  4.3  in  con¬ 
junction  with  the  Auger  transitions.  Eb  in  eq.(1)  is  the  additional 
binding  energy  introduced  by  the  solid  state  enviroment  to  the  electron 
under  consideration.  To  compare  the  calculated  values  uith  our  measured 
binding  energy  referring  to  the  Fermi  level,  eq.CI)  has  to  be  corrected 
for  the  work  function,  #,  of  the  solid  in  question. 

Efx  =  Ef i  +  Eb  -  Er  -  *  (2) 

In  a  pure  ionic  solid,  Eb  is  mainly  electrostatic: 

Eb  =  X  <le^f oe  *  oc^c  (3) 

The  first  term  on  the  right  of  eq,(3)  is  the  lattice  (Madelung)  poten¬ 
tial  produced  by  all  other  ions  in  the  crystal  at  the  ion  site  in  con¬ 
sideration.  The  second  term  on  the  right  is  the  overlap  repulsion  energy 
between  ionsj  it  is  generally  an  order  of  magnitude  smaller  than  the 
lattice  potential  term  1371  and  will  be  neglected  in  our  consideration, 
(i.e.,  we  will  use  a  point-charge  approximation) . 

In  the  cases  of  an  impurity  ion  dissolved  in  Cs  metal,  the  change  in 
kinetic,  exchange  and  correlation  energy  of  the  free  electron  gas  due  to 
the  renormalization  of  charge  density  around  the  negatively  charged  O'2 
ion  should  be  included  in  Eb  ' 


Eb  =  I  <!c/roc  +  m  +  4*  14) 


where  41  is  the  energy  of  inserting  a  negative  charge  from  vacuum  into 
the  solid  and  42  is  the  renormalization  of  the  free  electron  gas  in 
response  to  the  negative  charge.  The  relaxation  energy  in  a  metal.  Ep» 
is  essentially  the  change  in  kinetic,  exchange  and  correlation  energy 
due  to  a  delocalized  hole  { 38 1 .  Since  the  integreted  screening  charge  in 
the  free  electron  gas  due  to  the  presence  of  O'2  has  to  be  equal  to  2, 
the  change  in  energy  due  to  renormal ization  of  charge  density  can  be 
regarded  as  the  same  as  the  relaxation  energy  for  two  delocalized  holes. 
Hence,  we  take,  for  the  purpose  of  estimate.  1M+42=2EP.  and  eq.(2) 
becomes 

Efx  =  Efi  +  £  qc'roc  +  EP  -  4  (5) 

Eq.(5)  is  essentially  identical  to  that  derived  by  Helms  and  Spicer  (391 
through  a  more  careful  enumeration  of  the  various  energy  terms  involved. 
(  Here  we  will  neglect  a  small  surface  dipole  term  about  0.14  eV.) 

The  lattice  potential 

To  calculate  the  lattice  potential  term,  knowledge  of  the  lattice 
containing  each  of  the  O'2,  the  02'*.  and  the  02*  ions  is  necessary.  As 
stated  in  the  beginning  of  this  section,  although  the  formation  of  crys¬ 
talline  oxides  is  not  expected  in  our  experimental  condition,  the  local 
structure  surrounding  each  type  of  oxygen  ion  is  likely  to  be  similar  to 
that  in  the  corresponding  crystalline  oxide.  Thus  in  table  10  we  have 
used  the  crystal  structure  of  CS2O2  and  CSO2  to  calculate  the  lattice 
potential  term  for  O2*2  and  O2',  respectively.  For  the  0*2  ion  ue  will 
consider  three  different  cases:  (1)  O'2  as  an  impurity  in  Cs  and  occupy¬ 
ing  octohedral  sites.  (2)  O'2  as  impurity  in  Cs  but  existing  in  a  Csn03 
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cluster  which  contains  three  octahedrons  in  ciose  contact  and  has  been 


suggested  by  Simon  et  al  IS]  to  be  the  building  unit  for  all  Cs  subox¬ 
ides.  and  (3)  O'2  in  Cs20.  All  the  three  cases  should  lead  to  the  same 
BE  for  the  0‘J  ion,  because  Simon  et  al  [81  have  found  only  one  BE  (2.7 
eV)  for  the  0-2p  level  in  two  suboxides  (CsuOj  and  CsjO)  and  the  mono 
oxide  CsjO . 

In  the  case  of  an  oxygen  ion  being  dissolved  in  bulk  Cs,  the  lattice 
potential  in  eq.(4)  is  simply  the  potential  due  to  a  cluster  of  positive 
ions  surrouding  the  negative  oxygen  ion.  The  charges  on  the  positive 
ion  in  the  cluster  are  assigned  in  the  way  outlined  by  Helms  and  Spicer 
[391.  The  lattice  potential  for  Cs20,  Cs202,  and  Cs20i»  are  calculated 
with  an  semi-empirical  equation  derived  by  Broughton  and  Bagus  [401.  The 
calculated  lattice  potential  energies  are  entered  in  the  4th  row  of 
table  10. 

Values  of  work  function  listed  in  table  5  are  from  ref.  9.  The  free 
ion  energies  are  obtained  from  the  following  ionization  processes: 

0-2  .+  o-(*P8)  +  e-  E f ; =-6. 5  eV  [39,411, 

02*(2w,)  -»02(3I9-)  +  e-  Efj=0.56  eV  [35], 

and 

0*(*P°)  +  0C3P)  -*  02'<ltf,J  4E=-4. 125  eV  135] 

0-(2P°)  -*  0(3P)  ♦  e*  AE-1 . 5  eV  [421 

+  o»-*  •»  q-(*p°)  +  cr(*p°) _ an  i  ev  [433 

02*3  -*  02"  +  e*  Efi=-1.625  eV 
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TABLE  10 


Comparison  of  calculated  and  measured  BE  of  oxygen  levels  of  various 

oxygen  species  in  Cs 


Oxygen 

Species 

0-2 

O'2 

0*2 

o2-* 

02‘ 

Compound 
or  cluster 

Cs$0 
in  Cs 

Cs, ,03 
in  Cs 

Cs20 

Cs202 

Cs02 

. 

■SHI 

-6.5 

-6.5 

-6.5 

-1.6 

0.56 

* 

2.0 

2.0 

0.8 

2.0 

2.0 

Lattice 

Potential 

10.07 

8.86 

7.  84 

8.33 

7.71 

E'fx 
(eq. 6) 

1.57 

0.36 

0.54 

4.73 

6.27 

Other  4.18 

Binding  Contribution 

4.18 

4.20 

0 

0 

Er 

2.09 

2.09 

2.10 

1.53 

1.42 

‘ 

Efx 

3.66 

2.45 

2.64 

3.20 

4.85 

E«xp 

2.7 

2.7 

2.7 

3.3 

4.7 

In  order  to  see  the  relative  importance  of  the  different  binding 
energy  terms  in  eq.(l),  ue  have  first  calculated  the  binding  energy 
including  only  the  lattice  potrntial  term  in  Eb>  and  not  including  the 
relaxation  term  Er  in  eq.(2)>  i.e. 

E'fx  =  Efi  +  I  9c'roc  -  *  (6) 

and  the  results  are  listed  in  table  10. 

Eq.(6)  should  always  predict  a  binding  energy  higher  than  the  measured 
value  if  Madelung  energy  is  the  principal  contributor  to  the  binding 
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energy  of  the  oxygen  species  in  quesion.  However,  when  the  values  of 
the  E'fx's  in  table  10  are  compared  to  the  measured  values,  we  clearly 
distinguish  two  cases,  for  CS4O,  Cs^Oa  clusters  and  CS2O,  the  calcu¬ 
lated  values  are  lower  than  the  measured  values,  whereas  the  opposite  is 
true  for  Cs^Oz  and  CszO*  In  the  case  of  CS2O2  and  CszOii,  we  also  notice 
that  the  difference  between  the  calculated  values  and  the  measured  val¬ 
ues  is  close  to  the  typical  value  of  relaxation  energy  found  in  ionic 
solids  [44,451.  For  the  case  of  0‘2  in  Cs  ,  inclusion  of  a  relaxation 
term  according  to  eq.(2)  would  result  in  unphysical ly  low  binding  ener¬ 
gies.  Obviously  this  means  that  Madelung  energy  alone  is  not  sufficient 
to  stablize  the  O'2  ion.  Other  important  binding  energy  terms  have  to 
be  included.  For  the  cases  of  Cs*0  and  Cs^Oj  clusters  in  Cs,  the  extra 
binding  energy  term  comes  from  the  response  of  the  free  electron  gas  to 
the  O'2  impurity,  as  discussed  above  in  introducing  eq.(5).  CszO  is 
insulating  in  the  sense  that  all  available  valence  charges  are  localized 
on  oxygen,  hence  the  free  electron  contribution  to  the  binding  energy  is 
not  important.  The  polarization  of  Cs-5p  electrons  reported  by  Tsai  et 
al  [261,  which  we  have  discussed  in  subsection  4.3,  gives  an  increase  in 
the  binding  energy  of  the  valence  electrons  on  O’2  ions,  i.e.,  the 
polarization  introduces  an  additional  term  in  Et>.  Hence  we  rewrite 
eq.H)  as 

Eb  —  X  yc/r oc  ^  Epo&d! .  (7) 

The  same  polarizability  of  Cs-5p  electrons  should  also  be  the  major  con¬ 
tributor  to  the  extra-atomic  relaxation  energy,  hence  in  anology  with 
eq.(S)  we  have  Epo£dl .  2  2Er  and 

Efx  =  Efi  +  £  tlc/roc  +  Er  “  ♦  18) 
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We  now  proceed  to  calculate  the  term  Er  the  various  cases  considered 


in  table  10. 

For  the  cases  of  Cs^O  and  Cs^O]  clusters  in  Cs,  the  extra  atomic 
relaxation  is  essentially  that  of  pure  Cs.  The  term  Er  of  Cs  can  be 

determined  by  the  difference  in  ionization  energy  between  Cs  atom  and  Cs 
metal  according  to 

E i (metal )  =  Ej(atom)  +  Ec  -  EP  (9) 
where  Ec  is  the  cohesive  energy  per  atom  of  Cs  metal  (0.827  eV  1461). 
Eq.5  is  in  anology  with  eq.1.  The  ionization  energy  of  atomic  Cs  is 

3.893  eV  1421.  The  ionization  energy  of  metal  is  defined  as 

E i (metal )  =4+2/5  (E0-Ef)  (10) 

where  *  is  the  work  function  of  Cs  (2.0  eV  191),  and  (Ee-Ef)  is  the 
width  of  the  valence  band  of  Cs  (1.58  eV).  2/5(E0-Ef)  is  the  position 
of  the  center  of  gravity  of  the  valence  band  referring  to  the  Fermi 
level.  Thus  we  have  Er=2.09  eV.  When  the  correction  of  EP  is  made 
according  to  eq.(5),  a  more  reasonable  BE  of  3.66  eV  and  2.5  eV  are 
obtained  for  the  Cs$0  cluster.  For  comparison  with  the  lattice  poten¬ 
tial  term  and  the  relaxation  energy  term,  we  have  also  listed  Ui+Jn  =  2Er 
in  table  10  under  the  entry  of  'other  binding  ontr ibution' .  The  appar¬ 
ent  better  agreement  between  the  calculated  and  the  measured  BE's  of  the 
CsnOa  cluster  does  not  necessarily  imply  that  it  describes  the  reality 
better  than  the  Cs«0  cluster  does,  considering  the  approximations 
involved.  8etter  theoritical  considerations  are  required  to  resolve 
this  uncertainty. 
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The  relaxation  energy  in  CS2O2  and  CsjO^  were  estimated  according  to 
a  classical  electrostatic  treatment  of  Jost  [471.  who  modeled  the  hole 
as  a  spherical  cavity  of  radius  R  in  a  continuous  medium  of  high  fre¬ 
quency  dielectric  constant  tt0,  and  found  the  polarisation  energy  to  be 
Ep  =  i*e2/R‘M-(1/K0>  1  (11) 

in  which  e  is  the  electron  charge,  and  R  is  the  effective  hole  radius. 
R  has  been  found  145, 47J  to  be  0.9  a  (a  is  the  nearest  neighbor  dis¬ 
tance)  for  hole  on  an  anion  site.  The  kq's  are  calculated  to  be  2.17 
and  1.96  for  CS2O2  and  CS20>i  respectively  [43].  The  shortest  Cs-0  dis¬ 
tance  is  2.95  A  for  both  Cs202  and  CS2O,,  The  resulting  Ep's  are  listed 
in  table  4  under  the  entry  for  Er  Substituting  the  EP's  in  eq.  1  yield 
binding  energies  which  are  rather  too  close  to  the  measured  values.  Me 
notice  that  no  'other  binding  contribution'  is  needed  for  either  CS2O2 
or  Cs02. 

The  value  of  Er  for  CS20  again  can  be  estimated  using  eq.(ll)  with  a 
meaused  x0  of  4  [49].  The  result  of  2.1  eV  brings  a  close  agreement 
between  the  calculated  and  the  measured  BE. 

For  all  cases  considered  here,  the  calculated  values  can  be  easily 
compared  to  the  experimental  results  in  the  last  two  rows  of  table  10. 
The  agreement  is  surprisingly  good,  considering  all  the  approximations 
involved.  The  additional  support  rendered  by  table  10  to  the  interpre¬ 
tation  that  state  A  being  O'2,  state  B  being  O2*2,  and  state  D  being 
> 


is  gratifying . 


The  above  simple  calculation  also  gives  a  basis  for  speculating  about 
the  possible  connections  between  the  following  observations: 

i)  The  binding  energy  of  the  0-2p  level  of  the  0‘2  ion  references 
to  the  Fermi  level  is  the  same  (2.7  eV)  whether  in  Cs  metal 
(this  work  and  Gregory  19])  or  in  suboxides  (csjO  and  CS11O3) 
or  in  CsjO  (8!.  In  CS2O,  an  oxygen  level  broader  than  that 
observed  in  suboxides  has  been  observed  by  Simon  et.  al  .  [61; 
the  broadening  cannot  be  explained  by  0-0  overlap,  because  the 
0-0  distance  is  larger  in  CS2O  than  in  CsnOa  and  other  subox¬ 
ides  (table  9). 

ii)  The  values  of  work  function  of  the  cesium  suboxides  are  known 
to  be  lower  than  that  of  Cs,  and  the  lowest  work  function  has 
been  suggested  to  occur  on  the  Cs  rich  side  of  Cs20  [8.9].  The 
decrease  in  work  function,  going  from  Cs  to  Cs  suboxides  con¬ 
taining  Cs 7 1 03  clusters,  has  been  suggested  by  Burt  and  Heine 
[50]  to  be  due  to  the  confinement  of  free  electrons  by  the 
repulsive  potential  of  clusters  of  O'2  ions. 

iii)  Clark  [51]  has  predicted  that,  with  increasing  oxygen  concen¬ 
tration  in  CsOx,  a  Mott  transition  occurs  at  x=0.43  (i.e., 
Cs2-i0). 


Me  notice  that  in  our  calculation  of  the  CS{0  and  CsnOa  clusters  in 
Cs,  the  terms  EP  and  $  in  eq.(5)  nearly  cancel  each  other.  The  free 
electron  contribution  in  EP  and  4  actually  have  the  same  origin  [38].  As 
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the  concentration  of  0‘2  increases,  ue  expect  both  work  function  and  the 
relaxation  energy  to  decrease  due  to  a  reduction  of  the  free  electron 
density;  the  changes,  however,  cancel  each  other  in  eq.  4  so  that  O'2 
ions  would  be  stablized  to  the  same  extent  uith  respect  to  the  Fermi 
level  if  the  puint-charge-cl uster  representing  the  adsorption  complex 
remaines  the  same.  This  picure  appeared  to  connect  points  (i)  and  (ii) 
above,  but  it  cannot  be  readily  extended  to  higher  oxygen  concentration 
up  to  CS2O  —  our  calculation  shows  that  in  CS2O  the  term  Er  (2.1  ev) 
does  not  cancel  the  work  function  term  4  (0.8  eV)  in  eq.(8).  The  fact 
that  the  valence  electrons  on  the  O'2  ions  are  still  stablized  to  the 
same  extent  uith  respect  to  the  Fermi  level  as  are  those  of  the  O'2  ion 
dissolved  in  Cs,  is  due  to  a  smaller  lattice  potential  term  for  Cs20 
than  that  for  Csn03  clusters  in  Cs  (table  10).  The  decrease  in  the 
lattice  potential  term  with  increasing  oxygen  concentration  in  Cs  may 
not  be  accidental . In  our  approximation  of  the  electrostatic  interaction 
between  the  negatively  charged  0"2  and  the  renormalized  electron  of  Cs, 
we  have  replaced  the  exact  charge  desity  surrounding  O'2  with  a  point- 
charge-cluster.  When  an  impurity  carrying  a  point  charge  -Z  is  intro¬ 
duced  into  a  free  electron  gas,  the  electrons  are  perturbed  to  produce  a 
change  in  charge  density  [521; 
p(r)  =  Ze/r *exp(-kr) 

The  eletrostatic  energy  at  the  impurity  site  is  simply 
i/ep(r)/rdv  =  Ze2/2/4irexp(-kr )dr  =Ze/{ 2(  1/k )  1 
Thus  the  electrostatic  energy  at  the  impurity  site  can  simply  be 
accounted  for  by  positioning  Ze  positive  charge  on  an  "impurity  sphere" 


of  radius  2(1/k). 


Since  the  screening  length  k'’  increases  uith 


decreasing  free  electron  density,  the  Madelung  energy  of  the  point 
charge-cluster  decreases  when  the  concentration  of  O'2  becomes  higher. 
This  destablizes  the  valence  electrons  on  O'2  with  respect  to  the  Fermi 
level,  hence  the  valence  electrons  become  relatively  delocalized.  The 
delocalization  would  then  give  rise  to  a  polarization  energy,  e.  g. 
through  distortion  of  the  Cs-5p  levels  (which  is  the  essence  of  a 
polaron),  which  stops  the  valence  electrons  from  further  delocalization. 
The  work  function  measures  the  energy  required  to  move  an  electron  at 
the  Fermi  level  to  infinity,  and  hence  it  is  determined  by  the  proper¬ 
ties  of  the  free  eletrons  in  the  system.  The  EP  term,  uhich  contains 
both  free  electron  and  polarization  contribution,  does  not  cancel  the 
work  function  term  in  eq.(8).  The  difference  between  the  two  terms  com¬ 
pensates  the  decrease  in  Madelung  energy. 

The  polarization  contribution  to  the  Er  term  reaches  a  maximum  in 
CszO,  as  does  the  delocalization  of  the  valence  electrons  on  the  O'2 
ions.  This  can  be  understood  as  if  the  average  f ree-el ectron-character 
of  the  valence  charges  on  O'2  is  increased  by  freezing  more  free  elec¬ 
trons  onto  O'2.  This  point  has  been  verified  by  Clark  f 5 1 1  in  a  more 
rigorous  way:  The  radius  of  the  polaron  in  Cs*0  is  found  to  be  5.9  A 
1511,  uhich  is  greater  than  the  Cs-Cs  distance  of  4.19  A  and  the  0-0 
distance  of  4.26  A,  indicating  the  polarons  are  rather  extended.  Such 
delocalization  of  the  valence  electrons  on  O'2  implies  a  broadened  oxy¬ 
gen  level  in  the  photoelectron  spectrum  of  CS2O,  as  has  been  observed  by 
Simon  et  al  (81  on  standard  CS2O  compound.  The  residual  free  electron 
character  of  the  valence  electron  on  O'2  suggests  that  the  broadening 
may  extend  up  to  the  Fermi  level. 
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As  stated  earlier,  the  decrease  in  work  function  with  increasing 
concentration  of  0**  in  Cs  is  determined  by  the  change  in  the  properties 
of  the  free  electron  in  the  system.  At  low  concentration  of  0*2  (i.e., 
when  an  impurity  picture  apply),  the  decrease  in  work  function  with 
increasing  O'2  concentration  can  be  understood  in  terms  of  decreasing 
free  electron  density  1331.  At  higher  concentration  of  O'2  (such  that 
formation  of  suboxides  with  definite  structure  occurs),  the  picture  of 
confinement  of  free  electrons  may  apply  1501.  In  the  latter  picture,  it 
is  not  supprising  to  see  the  point  of  minimum  uork  function  coincides 
with  the  point  of  Mott  transition  at  approximately  CsjO.  Because  a  Mott 
transition  occurs  uhen  the  free  electrons  become  localized,  i.e.,  the 
confinement  of  free  electrons  reaches  a  maximum.  This  maximum  confine¬ 
ment  of  free  electrons  in  CsjO  is  reflected  in  our  calculation  in  the 
full  replacement  of  the  free  electron  contribution  to  Er  by  the  polari¬ 
zation  contribution. 

4.6  THE  OXIDATION  PROCESS 

Having  identified  the  adsorbed  oxygen  species,  a  brief  discussion  of 
the  actual  oxidation  mechanism  follows. 

From  the  phase  diagram  one  expects  the  oxidtion  to  proceed  from  the 
formation  of  suboxides  to  the  formation  of  peroxides  as  the  oxygen  expo¬ 
sure  increases.  On  the  other  hand,  the  adsorption  of  0*2  ions  requires 
the  dissociation  of  oxygen  molecules,  and  it  is  not  obivous  that  this 
should  occur  before  the  non-dissociati ve  adsorption  of  O*'2  or  02"  ions. 
Our  observation  of  the  adsorption  of  0"2  ions  prior  to  the  O2*2  and  O2* 
ions  therefore  suggests  that  clean  Cs  is  capable  of  removing  or  lowering 


204 


( 


I 


considerably  the  activation  barrier  of  dissociating  oxygen  molecules. 
This  is  not  surprising  because  of  the  easiness  of  transferring  electrons 
from  Cs  to  oxygen.  The  dissociated  oxygen  is  dissolved  in  Cs  as  Q'2. 
The  concentration  of  O'2,  however,  is  probably  limitted  to  a  very  narrow 
range,  as  will  be  discussed  below.  The  0~2  ions  did  not  go  deep  into 
the  bulk  of  Cs  because  of  their  limitted  mobility  at  low  temperatures 
(~160°K).  The  only  possible  driving  force  for  0*2  to  move  farther  than 
’  one  or  two  layers  below  surface  is  a  build-up  of  O'2  concentration  in 
this  region.  The  supply  of  O'2  ions,  however,  is  cut  off  at  increased 
oxygen  exposure,  because  the  capability  of  the  Cs  surface  to  dissociate 
oxygen  molecules  is  gradually  lost  (due  to  loss  of  free  electrons)  when 
a  concentration  of  0"2  ions  is  built  up  within  the  first  feu  layers 
below  the  surface.  This  concentration  may  saturate  far  before  turning 
the  region  occupied  by  O'2  into  Cs*0  (the  upper  limit  for  the  existence 
of  O'2),  because  the  charge  supply  at  the  surface  required  for  the  for¬ 
mation  of  0*'2  ions  (the  second  oxygen  species  in  the  observed  oxidation 
sequence)  would  be  greatly  impeded  by  an  insulting  layer  of  Cs20. 
Although  a  limitted  amount  of  charge  may  be  made  avail abe  through  the 
space  charge  region  in  Cs20,  physisorption  of  0*  or  adsorption  of  02' 
would  be  more  favorable  than  adsorption  of  Oj'2  under  such  condition. 
Thus  the  adsorption  of  Oj*2  commences  before  the  free  electron  density 
in  the  surface  region  is  reduced  to  zero,  but  after  it  is  reduced  sub¬ 
stantially  so  that  the  dissociative  sorption  of  O'2  is  no  longer  compet¬ 
ing  effectively.  This  suggestion  is  consistent  with  the  preservation  of 
metallic  character  even  after  a  mixture  of  about  equal  amount  of  0*'2  is 
observed  (fig.  47.  the  1  L  spectrum),  although  this  can  also  be  inter¬ 
preted  as  due  to  inhomong eniety  of  the  Cs  film.  Heimann  et  a)  M9j,  in 
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their  microbalance  mass  study  of  the  oxidation  of  Cs,  have  found  that 
CstO  does  not  form  through  direct  oxidation  of  Cs.  Instead,  they  found 
the  formation  of  CS2O2  and  CS2O1,  in  tuo  steps.  A  narrow  range  of  subox¬ 
ide  formation  or  O'2  dissolution  in  the  initial  stage  of  oxidation  would 
certainly  escape  the  detection  of  mass  measurement.  Hence  the  results 
of  Heimann  et  al  (49]  are  consistent  with  our  proposal  that  the  satura¬ 
tion  concentration  of  O'2  is  smaller  than  monolayer.  The  limitted  con¬ 
centration  of  0"2  in  Cs  should  be  contrasted  to  the  case  of  Sr,  where 
the  diffusion  of  0*2  into  the  bulk  of  Sr  is  barrier-less  and  hence  the 
surface  remains  metallic  after  building  up  a  large  concentration  of  0*2 
Ml. 

After  the  surface  Cs  atoms  are  taken  away  by  the  incorporation  of 
O2'2  ions,  the  initially  disolved  0“2  ions  find  new  driving  force  to  go 
farther  into  the  bulk.  The  newly  incorporated  O2'2  ions  also  separate 
the  O'2  ions  farther  away  from  the  surface.  Thus  the  disappearance  of 
the  0*2  features  in  photoemission  spectra  at  high  oxygen  exposures  (>10 
L)  can  be  understood  in  terms  of  increased  separation  of  O'2  ions  from 
the  surface  rather  than  the  conversion  of  the  O'2  ions  into  other  spec¬ 
ies.  On  the  other  hand,  the  decrease  in  intensity  of  0‘2  features  at 
higher  oxygen  exposures  030  L)  does  not  have  to  be  explained  as  migra¬ 
tion  of  O2*2  away  from  the  surface.  Some  02’2  may  simply  be  converted  to 
Ox'  by  charge  re-distribution  and  rearrangement  of  Cs*-Oj'n  (1SnS2) 
coordination  in  the  same  spatial  region  near  surface.  A  saturation  of 
the  whole  oxidation  process  can  take  place  after  the  convertion  of  O2'2 
into  O2*  is  near  completion.  The  rate  at  which  this  final  stage  is 
reached  depends  on  the  sticking  probability  of  O2  on  an  insulating  sur- 
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face  and  the  easiness  of  migration  of  Cs*  and  02*n  ions  to  achieve 
proper  cesium-oxygen  coordination. 

4.7  SUMMARY 

In  summary,  ue  have  performed  photoemission  measurements  on  the 
adsorption  of  oxygen  on  thick  Cs  films  at  140°K  -  160*K.  Four  different 
states  of  oxygen  were  observed.  Definitive  identification  of  three  of 
the  four  states  of  oxygen  have  been  achieved  through 

i)  comparison  of  the  multiplet  structures  in  the  photoemission 
spectra  of  free  and  adsorbed  oxygen  species  (i.e.,  comparison 
of  the  energy  separation  of  the  multiplets  only) 

ii)  comparison  of  the  experimentally  measured  binding  energies  of 
the  various  states  of  oxygen  with  calculated  binding  energies 
of  knoun  oxygen  species  inserted  in  Cs  (based  on  the  ionisation 
energies  of  those  free  species). 

The  oxygen  species  identified  are  0"2,  02"2  and  02".  The  multiplet 
splitting  arised  in  the  photoionization  process  is  seen  to  be  well  pre¬ 
served  in  a  solid  state  enviroment.  The  multiplet  structure  of  the  pho¬ 
toemission  spectrum  of  02'2  in  Cs  is  identical  to  that  expected  for  free 
02*2  without  any  differential  relaxation  in  the  orbital  energies.  In 
contrast  to  the  case  of  02*2.  a  significant  differential  relaxation  in 
the  orbital  energies  is  observed  for  02*  in  Cs.  The  difference  is 
attributed  to  the  close  shell  and  open  shell  configurations  of  02*2  and 
02 * ,  respectively.  The  fourth  oxygen  state  was  produced  with  oxygen 
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exposures  intermediate  to  those  required  to  produce  02'2  and  02".  It 
suggests  the  possible  existence  of  and  oxygen  species  like  02**>  with  t 
being  a  non-integral  value  between  1  and  2.  Such  species  may  be  related 
to  the  oxygen  species  found  in  the  sesquioxide  Cs203.  No  simple  inter¬ 
pretation  of  the  multiplet  structure  of  this  state  of  oxygen,  however, 
is  availabe  at  the  present. 

The  oxygen  adsorption  proceeds  in  the  sequence 
O'1  -»  02 * 2 .  (-»  02-*)  ->  02- 

in  good  correspondence  with  the  stable  Cs-0  compounds  in  the  Cs-0  phase 
d i ag  ram : 

suboxides  ■*  Cs202  (-*  Cs203)  -*  Cs20* 

The  range  of  concentrations  which  O'2  ions  exist,  however,  is  limitted. 
Distinct  spectroscopic  changes,  such  as  disappearance  of  plasmon  loss 
features  and  emission  near  Fermi  level,  and  sharp  increase  in  the  pho¬ 
toelectron  yield,  have  been  found  to  accompany  the  0*2  —  02’2  trans¬ 
ition. 

Changes  in  the  4d.  5s  and  5p  core  levels,  and  the  N00  and  OVV  Auger 
transitions  with  oxygen  adsorption  have  also  been  examined  in  detail. 
Clear  evidence  has  been  given  showing  that  different  responses  to  the 
changes  in  chemical  environment  of  Cs  atoms  are  found  in  the  5p's  and 
4d's»  the  difference  has  been  explained  by  recogizing  that  the  5p  is  the 
outermost  subshell  of  Cs* . 
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Chapter  V 


PHOTOEMISSION  STUDIES  OF  THE  INTERACTION  OF  (CS,0)  WITH  THE  GAASMIO) 

SURFACE 


5. 1  INTRODUCTION 

Co-adsorption  of  Cs  and  oxygen  on  GaAs  surface  is  known  to  activate 
the  GaAs  surfaces  to  negative  electron  affinity  (NEA)  condition,  which 
finds  important  application  as  the  photocathode  of  the  current-genera¬ 
tion  night-vision  image  intensifier  III,  and  as  sources  for  spin-po¬ 
larized  electrons  [21.  The  methods  of  co-adsorbing  Cs  and  oxygen,  how¬ 
ever,  has  so  far  been  empirical,  and  a  fundamental  understanding 
of  the  interaction  of  the  (Cs,0,GaAs)  system  has  been  lacking.  In  this 
chapter  we  present  results  of  photoemission  measurements  of  the 
interaction  of  cesium-oxygen  with  GaAsMIO)  surfaces. 

Adsorption  of  oxygen  on  GaAsMIO)  has  been  a  subject  of  many  studies 
in  recent  years  [31.  Photoemission  studies  of  the  oxidation  of  Cs  has 
also  become  complete  very  recently  [41.  With  reference  to  knowl¬ 
edge  of  the  O/GaAs  and  the  O/Cs  systems,  we  can  address  in  this  work  the 
following  questions:  How  does  the  presence  of  Cs  affect  the  oxygen 
adsorption  properties  of  the  GaAsMIO)  surfaces,  and  how  does  the  pres¬ 
ence  of  the  GaAs  substrate  affect  the  interaction  of  Cs  and  oxygen? 
Answers  to  these  questions  will  not  only  provide  basis  for  further 
understanding  and  improvement  of  the  NEA  surfaces,  but  also  throu  lights 
on  the  understanding  of  the  oxygen  adsorption  properties  of  GaAsMIO) 
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and  Cs.  Implications  in  the  formal  aspect  will  be  given  in  detail  else¬ 
where  [51.  Here  we  concentrate  on  gaining  fundamental  understand¬ 
ing  of  the  interaction  of  Cs  and  oxygen  with  GaAs(IIO)  surfaces. 

Results  and  discussion  are  divided  into  the  following  sections:  As  a 
reference  for  the  Cs-0  interaction  on  GaAs.  we  briefly  summarize  in 
section  3  the  results  from  our  previous  photoemission  studies  of  the 
oxidation  of  bulk  Cs.  Properties  of  the  Cs-covered  GaAsCIlO)  surface 
are  examined  next  in  section  4.  In  section  5.  we  report  the  oxida¬ 
tion  properties  of  monolayer-cesium-covered  GaAs  (110)  surfaces.  The 
interaction  of  such  surfaces  (monolayer-cesium-covered  and  subse¬ 
quently  oxidized  GaAsdlO))  with  additional  Cs  treatments  as  well  as 
the  modification  of  the  oxidation  properties  of  such  surfaces  by 
additional  Cs  treatments  are  presented  in  section  6. 

5.2  EXPERIMENTAL 

The  experiments  were  performed  in  a  standard  stainless  steel  ultra 
high  vacuum  ( —  7x 1 0 “ * 1  torr)  chamber.  Samples  used  were  6xl0'7  cm'3 
Te-doped  n-type,  and  3.3x1018  Zn  doped  p-type  GaAs.  The  cesium  vapor 
in  these  experiments  was  supplied  by  cesium  chromate  channels.  Ces¬ 
ium  channels  were  mounted  5  inches  away  from  GaAs  samples  and  were 
enclosed  in  collimation  shields  which  force  the  Cs  vapor  to 
deflect  before  reaching  samples.  Oxygen  exposures  were  made  with 
research  grade  oxygen  through  leak  valves.  The  ion  pump  was  com¬ 
pletely  vatved  off  during  exposures  and  oxygen  pressures  were  measured 
a’tn  either  a  Redhead  cold-cathode  guage  (10"t2— TO"*  torr)  or  a  Vari- 

*6T  cold-cathode  gauge  ( 10'**— 10' 3  torr).  Exposures  indicated 
nee'*  corrected  for  gauge  sensitivity. 

-  213  - 


A  -  * 


Light  sources  used  were  synchrotron  radiation  in  the  range  of  SO 
eV-200  eV  from  the  Stanford  Synchroton  Radiation  Laboratory  (SSRL) 
and  He-I  (21.2  eV)  and  He-II  (40.8  eV)  resonace  lines  from  a  monochroma- 
tired,  differentially-pumped  He  discharge  lamp.  Energy  analyses  of 
the  photoelectrons  were  performed  by  a  double-pass  cylindrical  mirror 
analyzer  (Physical  Electronics). 

The  mono! ayer-Cs  here  is  defined  as  the  saturation  coverage  of  Cs  on 
the  GaAs  (110)  surface  at  room  temperature,  i.e.  the  coverage  at  uhich 
any  additional  Cs  atom  will  desorb  by  long  pumping  in  ultra  high  vac¬ 
uum.  The  absolute  number  of  Cs  atoms  at  this  coverage  has  been 
estimated  to  be  4.6±0.4  xIO1'  atoms/cm2.  Thus,  by  our  definition  a 
monolayer  contains  about  half  of  the  total  number  of  atoms  in  a  GaAs 
(110)  plane  8.85x10’'  atoms/cm2).  In  this  work  the  necessary  Cs  flux  to 
reach  monolayer  coverage  was  established  by  monitoring  Cs  core  levels 
(4d  and/or  5p)  to  saturation  in  preliminary  experiments  of  deposit¬ 
ing  Cs  on  clean  GaAs  (110).  This  calibrated  Cs  flux  was  then  used  to 
obtain  the  desired  Cs  coverage  on  different  GaAs  surfaces.  An 
additional  check  of  the  Cs  coverage  is  provided  by  comparing  the  rela¬ 
tive  intensity  of  core  levels  of  Cs  and  GaAs.  For  the  surfaces 
reported  here,  the  relative  intensity  of  the  Ga-3d  and  the  Cs-5p  levels 
indicated  the  accuracy  of  the  above  procedure  in  controlling  Cs  cover¬ 
ages  to  be  t  205C. 
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5.3  PHOTOEttI SS I  ON  SPECTRA  OF  OXIDIZED  CS 


In  Fig.  1  we  show  photoemission  spectra  of  oxidized  bulk  Cs  from 
our  earlier  studies  Ml.  The  spectrum  for  an  individual  oxygen  spec¬ 
ies  was  obtained  at  a  somewhat  arbitrary  oxygen  exposure,  and  hence  may 
contain  mixtures  of  other  states.  The  detailed  justification  for  the 
separation  and  the  identification  of  each  state  have  been  given 
Chapter  III.  Here  only  the  conclusions  are  indicated.  The  correct 
features  associated  with  each  oxygen  state  are  labeled  according  to 
the  following:  features  At,  A2,  and  A3  belong  to  the  spectrum  of  O'2, 


with  A 1 

being  the 

only  0-2p  related 

peak  and 

A2  and 

A3 

are  plasma 

1 osses 

associated 

with  A 1  (41; 

features  01, 

62  and 

03 

belong  to  the 

spectrum 

of  02*1; 

features  Cl, 

C2 

and  C3 

belong 

to 

0*'*,  with 

Hti2; 

features 

01,  02.  03, 

04 

and  D5  belong  to 

or. 

The  binding 

energy  in  Figure  1  is  referred  to  Fermi  level  of  the  system.  For  Cs-0 
adsorbate  complex  formed  on  GaAs,  this  binding  energy  may  not  be  a 
meaningful  quantity.  Ue  therefore  include  Cs-5p  levels  in  Figure  1  and 
will  use  the  energy  separation  between  Cs-5p  levels  and  oxygen  lev¬ 
els  as  a  reference  in  comparing  with  the  results  of  (Cs.O)  on  GaAs. 
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Some  characteristics  of  the  monolayer  Cs  covered  GaAs(IIO)  surface 
are  presented  belou  to  provide  a  basis  for  discussion  of  its  oxidation 
properties. 

Adsorption  of  Cs  on  GaAs  is  known  to  lower  the  work  function  of  the 
GaAs  surface  (61;  such  lowering  of  the  work  function  is  achieved  by 
transferring  the  valence  electrons  ionized  from  the  Cs  atoms  in  the 
overlayer  into  the  surface  states  or  the  space  charge  region  of  the 
GaAs  substrate  161.  One  indication  in  our  results  that  Cs  in  the  over¬ 
layer  is  in  a  state  approaching  the  Cs4  ion  state.  is  given  by  the 
spin-orbit  splitting  of  the  Cs-5p  levels:  The  splitting  between  the 
Cs-5p  levels  is  1.5  eV  in  this  case  as  opposed  to  1.9  ev  in  the  case  of 
bulk  or  atomic  Cs,  and  we  have  demonstrated  in  our  earlier  work  that 
such  narrowing  of  the  spin-orbit  splitting  of  the  Cs-5p's  occurs 
whenever  Cs  is  oxidized  141. 

Gregory  and  Spicer,  by  assuming  a  simple  two-dimensional  dipole  sheet 
at  the  Cs-GaAs  interface,  however,  have  shown  that  the  Cs  atoms  need  not 
to  be  completely  ionized  to  explain  the  work  function  lowering  observed 
(61.  Below,  we  point  out  some  indications  of  the  incomplete  ionization 
of  the  Cs  overlayer. 

A  monolayer  of  Cs  has  been  reported  (7,81  to  form  a  C(4x4) 
ordered  but  out-of-registry  overlayer  on  GaAs  (110).  LEED  patterns  of 
the  surfaces  reported  here  were  not  checked  after  Cs  deposition. 
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Although  it  is  not  clear  whether  the  ordered  C(4x4)  structure  was 
achieved  on  the  surfaces  to  be  reported  below.  In  a  separate  measure¬ 
ment.  a  C(4x4)  IEED  pattern  was  indeed  observed  on  a  similarly  prepared 
Cs-covered  GaAs  (110)  surface.  The  arrangement  of  the  Cs  atoms  in  the 
C(4x4)  out-of-registry  overlayer  resembles  that  in  the  (111)  plane  of 
the  bcc  structure  of  Cs;  this  is  indicative  of  significant  Cs-Cs  inter¬ 
action  within  the  Cs  overlayer. 

Photoemission  spectra  measured  in  this  work  also  give  the  following 
indications  that  the  Cs  atoms  in  the  overlayer  are  not  completely  ion¬ 
ized: 

i)  emission  near  the  top  of  valence  band  is  increased  relative  to 
the  other  region  of  the  valence  band  after  Cs  deposition, 
and  the  increase  is  higher  for  higher  Cs  coverage(see  the  bot¬ 
tom  curves  in  figs.  64  and  65  below);  a  tailing  emission  is 
in  fact  found  to  extend  into  the  band  gap  of  GaAs  and  up  to 
the  Fermi  level.  although  no  sharp  Fermi  edge  can  be  identi¬ 
fied.  This  new  emission  near  the  valence  band  maximum  of 
GaAs  can  be  interpreted  as  due  to  valence  electrons  of  Cs. 

ii)  a  tailing  emission  on  the  high  binding  energy  side  of  the 
Cs-4do/2  is  visible  after  the  Cs  deposition  and  before 
oxygen  adsorption.  This  tailing  emission  can  be  interpreted  as 
due  to  plasmon  loss  with  the  plasmon  energy  much  reduced  from 
the  bulk  metal  value;  it  indicates  the  lack  of  true  ionization 
of  Cs,  but  a  reduced  "free  electron"  density  compared  to  bulk 
Cs  metal . 
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There  is  another  comparison  to  be  made  between  the  monolayer  Cs  and 
bulk  Cs.  The  binding  energy  of  the  Cs-5p3/i  level  measured  below  Fermi 
level  is  nearly  identical  in  the  case  of  monolayer  Cs  and  in  the  case 
of  bulk  metal.  For  both  p-type  and  n-type  samples,  the  5p3/j;  lies  at 
11.6  eV  below  VBM.  or  12.2  eV  below  the  Fermi  level  (the  Fermi  level 
of  both  n-  and  p-type  GaAs  are  pinned  at  about  0.6  eV  above  VBM  after  Cs 
deposition).  The  binding  energy  of  5p3/3  measured  for  bulk  Cs  is 
12.1  ±0.1  eV  below  Ef  141.  The  binding  energy  of  the  Cs-4ds/3  level, 
measured  for  n-type  samples  only,  is  76.6  eV  below  VBM  and  77.1  eV  below 
Ef.  which  is  also  close  the  77.3  eV  below  Ef  measured  for 
bulk  Cs  [41. 

Since  the  work  function  of  monol ayer-Cs-covered  GaAs  (*1.2  eV  [9P 
is  smaller  than  that  of  bulk  Cs(2.0  eV),  the  binding  energies  of  Cs  core 
levels  referred  to  the  vaccuum  level  are  significantly  lower  in  the 
case  of  monolayer  Cs  than  in  the  case  of  bulk  Cs.  In  our  earlier  work 
141.  we  have  seen  that  the  Cs  core  levels  shift  to  lower  binding 
energy  when  forming  Cs  suboxides.  Because  in  Cs  suboxides  the  metallic 
character  is  retained  and  only  the  free  electron  density  is  reduced 
compared  to  that  of  bulk  Cs.  the  lower  BE's  found  for  Cs  core  levels  of 
the  Cs  overlayer  as  compared  to  those  of  bulk  Cs  therefore  could  be 
consistent  with  a  partially  ionized  Cs  overlayer. 

5.5  RESULTS  AND  DISCUSSION  -  ADSORPTION  OF  OXYGEN  ON  M0N0LYER-  CESIUM- 
COVERED  GAAS  (110) 

This  section  concerns  the  oxidation  properties  of  monol ayer-Cs-cov- 
ered  GaAs.  As  mentioned  in  the  introduction,  the  oxidation  of  cesi- 
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ated  GaAs  can  differ  from  the  oxidation  of  clean  GaAs,  and  the 


oxidation  of  monolayer-thick  Cs  uith  the  presence  of  GaAs  can  differ 
from  the  oxidation  of  bulk  Cs.  Such  properties  of  the  co-adsorption 
system  will  be  determined  in  this  section.  The  effect  of  additional  Cs 
coverages  will  be  examined  in  next  section. 

Results  from  three  surfaces  are  presented  here.  Two  p-type  samples 
uere  studied  mainly  uith  the  He-1  radiation  (21.2eV,  figs.  64  and  65), 
and  one  n-type  sample  uas  studied  uith  120  eV  synchrotron  radiation 
(figs.  60  -  62).  Consistent  results  uere  obatined  on  all  surfaces  stud¬ 
ied.  Results  from  the  two  p-type  samples  are  reported  here  to  illus¬ 
trate  effects  of  different  Cs  coverages  (  0.6  monolayer,  fig.  64  and 
1.0  monolayer,  fig.  65).  Experimental  conditions  used  uith  He-I  radia¬ 
tion  also  offer  better  energy  resolution  and  signal-to-noise  ratio 
for  valence  band  spectra  as  well  as  the  Cs-5p  levels.  High  photon 
energy  studies  uere  made  on  n-type  samples  only.  Chemical  shifts  in 
Ga-3d,  As-3d  (fig.  60)  and  Cs-4d  (fig,  61)  can  be  examined  only  in  the 
high  photon  energy  studies.  In  these  figures,  the  cumulated  oxygen 
exposures  expressed  in  Langmuir  (1  L=10*‘  torr  x  1  sec.)  are  indi¬ 
cated  together  uith  each  spetrum. 

Presentation  and  discussion  of  the  results  uill  be  further  divided 
into  tuo  subsections.  Description  of  photoelectron  spectra  and  identi¬ 
fication  of  oxygen  induced  features  uill  first  be  presented.  Dis¬ 
cussion  of  the  oxidation  properties  of  monol oyer-Cs-covered 
GaAs(IIO)  surfaces  then  follous. 
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5.5. 1 


Identification  of  oxvoen  induced  features 
The  dominant  adsorption  reaction  on  cesiated  GaAs(IIO)  surfaces  is 
the  bonding  of  oxygen  to  GaAs  at  an  rate  drastically  increased  over  that 
of  bare  GaAs(IIO)  surfaces.  The  bonding  of  oxygen  to  GaAs  is  evidenced 
by  a  chemically  shifted  As-3d  peak  and  a  broadened  Ga-3d  peak  after 
exposing  the  cesiated  surface  to  oxygen  (fig.  60).  The  3.0  eV  shift  in 
As-3d  observed  at  oxygen  exposures  120  L  is  characteristic  of  a  chemi¬ 
sorption  bonding  of  oxygen  to  As  produced  by  exposing  clean  (uncesiated) 
cleaved  GaAs(llO)  surfaces  to  unexcited  molecular  oxygen  13].  This  sug¬ 
gests  the  formation,  at  the  initial  stage  of  oxygen  adsorption  on  cesi¬ 
ated  GaAs(IIO)  surface,  of  a  chemisorption  phase  similar  to  that  found 
by  adsorbing  oxygen  on  bare  GaAs  (110)  surfaces.  The  oxygen  expo¬ 
sure  required  to  form  the  chemisorption  phase  is  110  L  for  cesiated  sur¬ 
face,  and  is  107  L  for  bare  GaAs(IIO),  hence  the  initial  oxygen  uptake 
of  GaAst 110)  is  greatly  enhanced  when  cesiated.  Between  20  1.  and  40  L 
exposures,  the  value  of  chemical  shift  in  As-3d  increased  from  3.0  eV  to 
3.6  eV;  at  higher  exposures  (240  l),  the  energy  position  of  the  shifted 
As-3d  remained  nearly  stationary  (fig. 60).  The  intensity  of  the  shifted 
As-3d  also  increased  rapidly  between  20  l  and  40  l  exposures,  beyond  40 
L  it  increased  only  slightly  with  increasing  oxygen  exposures.  The  rat¬ 
ios  of  intensity  of  the  shifted  to  that  of  unshifted  As-3d  at  exposures 
240  l  suggest  that  oxygen  bonding  to  GaAs  has  advanced  beyond  the  first 
layer  of  GaAs  (see  reference  10).  Both  the  3.6  eV  shift  and  the  inten¬ 
sity  of  the  shifted  As-3d  indicate  that  at  exposures  240  l  the  adsorp¬ 
tion  has  proceeded  beyond  chemisorption  to  oxide  formation.  The  3.6  eV 
shift  is  consistent  with  the  formation  of  As^Oa  [11),  or  it  could  be  a 
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surface  oxide  involving  oxygen  bridging  over  Ca  and  As  and  with  each  As 
seeing  three  such  bridging  oxygen;  no  definitive  choice  of  these  two 
possibilities  can  be  offered  here. 


The  Cs-5s  and  the  0-2s  levels  are  also  included  in  the  energy  dis¬ 
tribution  curves  (EDC's)  in  fig.  60,  although  they  are  not  pronounced 
because  of  low  photoionization  cross  sections.  The  energy  position  of 
the  0-2s  level  falls  in  the  region  (exact  position  cannot  be  assessed 
due  to  its  ueak  intensity)  appropriate  for  oxygen  bonded  to  CaAs  (Pian- 
etta  et.  al . ,  ref.  9). 

Ue  have  so  far  seen  definitive  evidence  of  the  bonding  of  oxygen  to 
GaAs  for  oxygen  adsorbing  on  cesiated  GaAs(ltO),  it  remains  to  be  seen 
uhether  oxygen  reacts  with  the  Cs  overlayer.  In  fig.  61,  the  Cs-4d  lev¬ 
els  are  seen  to  shift  to  louer  binding  energy  with  increasing  oxygen 
exposure;  most  of  the  shift  (A*0.6  eV)  occurs  between  10  1  and  A 0  L 
exposures,  which  is  the  same  exposure  range  oxygen  bonds  rapidly  to 
GaAs,  and  only  small  shift  occurs  between  40  L  and  900  L  which  makes  the 
total  shift  0.8  eV  toward  lower  binding  energy.  The  gradual  shift  of 
the  Cs-4d  levels  (and  the  Cs-5p  levels,  to  be  discussed  below)  toward 
lower  BE  is  ambiguous  in  indicating  uhether  oxygen  is  be.  '°d  to  Cs  or 
not,  because  in  our  previous  studies  of  the  oxidation  of  bulk  Cs  only 
discrete  shifts  in  Cs  core  levels  were  observed  for  different  oxidation 
states  (e.g.,  A=0.6  eV  toward  louer  BE  uhen  0*z  is  formed)  -  i.e,  if  the 
Cs  overlayer  were  partially  oxidized,  one  would  observe  two  seperate 
sets  of  Cs-4d  levels  (and  Cs-5p  levels)  changing  their  relative  strength 
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BINDING  ENERGY  (eV) 


figure  60: 


EDO's  of  As-3d,  Ga-3d,  Cs-5s  and  0-2s  levels  of  clean, 
monol ayer-Cs-covered  and  oxygen-exposed  GaAs(UO),  hv=120 
eV. 
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with  increasing  oxygen  exposure  instead  of  a  single  pair  of  gradually 
shifting  Cs-4d's.  Definitive  evidence  that  oxygen  does  not  bond  to  Cs 
at  exposures  belou  about  40  L  is  found  in  examining  the  valence  band 
region  of  the  EDC's,  which  ue  will  discuss  belou. 

Fig.  62  displays  the  Cs-5p  levels  and  the  valence  band  region  of  the 
EDC's  taken  on  the  same  sample  of  figs.  60  and  61.  At  oxygen  exposures 
belou  20  L.  the  major  oxygen  induced  features  in  the  valence  band  region 
are  a  broad  peak  at  4.6  eV  below  the  VBM  and  a  broad  shoulder  on  the 
high  BE  side  of  this  peak.  At  exposures  above  40  L,  a  new  feature 
appeared  at  2.3  eV  belou  the  4.6  eV  peak,  and  the  peak  shape  of  the  4.6 
eV  peak  became  distorted,  which,  .as  will  be  seen  belou,  is  better 
described  as  a  new  and  relatively  narrow  peak  superposed  on  the  broad 
peak  developed  at  lower  exposures.  It  is  clear  from  fig.  62  that 
throughout  the  whole  exposure  range  we  have  studied  (11-  1100  L)  the 
0-2p  related  features  of  O'2  at  2.7  eV  below  the  Fermi  level  ( A 1  in  fig. 
59),  and  of  Oz'2  at  3.3,  6.4  and  7.8  eV  belou  the  Fermi  level  (B1,  B2 
and  B3  in  fig.  59)  do  not  appear;  the  complex  muitiplet  structure  of  0*' 
in  Cs  cannot  be  found  in  any  of  the  spectrum  either.  Thus  none  of  the 
three  oxygen  species,  0'z,  Oz'2  and  Oz'2,  which  are  formed  within  200  L 
oxygen  expovsre  of  bulk  Cs,  is  produced  in  the  Cs  overlayer  when  adsorb¬ 
ing  oxygen  on  monol ayer-Cs-covered  GaAs(llO). 

The  nature  of  the  oxygen  induced  features  observed  in  fig.  62  are 
further  examined  in  fig.  63.  In  fig.  63,  we  compare  the  40  L  EDC  of  the 
As-3d  (from  fig.  60)  and  the  0-2p  (from  fig.  62)  to  the  the  correspond¬ 
ing  EDC's  of  a  bare  GaAs(llQ)  surface  exposed  to  1013  l  oxygen.  The 
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Figure  61;  EDO's  of  Cs-4d  and  the  N00  Auger  transition  of  clean  and 
oxygen-exposed  monolayer-Cs  on  a  GaAsCIIO)  surface,  at 
hv=120  eV. 
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lure  62: 


Cs-5p  levels  and  the  valence 
clean,  Cs-covered  and  oxygen 
Spectra  were  obtained  on  the 


band  region  of  the 
exposed  GaAsUIO), 
sample  of  figs.  60 


EOC's  of 
hv=120  eV 
and  61. 
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tuo  sets  of  EDC's  are  plotted  with  the  total  area  under  As-3d  normalized 


to  each  other.  Here  we  first  recognize  again  the  large  enhancement  in 
oxygen  uptake  of  GaAs  by  the  presence  of  a  monolayer  of  Cs.  The  0-2p 
related  features  in  the  case  of  bare  GaAs  exposed  to  1013  L  oxygen  are  a 
broad  peak  at  4.6  eV  below  the  VBM  and  a  featureless  shoulder  on  the 
high  BE  side  of  this  peak,  which  are  identical  to  the  0-2 p  features 
observed  for  Cs-covered  GaAs  surfaces  at  exposures  120  L  (fig.  62). 
After  exposing  the  Cs-covered  surface  to  40  L  oxygen,  as  has  been  men¬ 
tioned  before  in  conjunction  with  fig.  62  and  is  better  seen  here  in 
the  40  L  EOC  of  fig.  63.  a  relatively  narrow  peak  at  4.6  eV  BE,  which 
overlaps  with  the  broad  peak  due  to  oxygen  bonded  to  GaAs,  and  a  weaker 
peak  at  2.8  eV  on  the  low  BE  side  of  it  are  developed.  These  new  pair 
of  peaks  cannot  be  found  in  the  photoemission  spectra  of  either  oxygen 
chemisorbed  on  GaAsUlO)  or  AszOa  til)  or  GazOj  M2);  rather,  the  nar¬ 
rowness  of  the  peaks  are  characteristic  of  oxygen  bonded  to  Cs  [41.  The 
2.8  eV  separation  between  the  new  pair  of  peaks  is  identical  to 
the  separation  between  the  two  leading  peaks  of  the  02'*  state  shown 
in  Figure  1.  The  small  shoulder  at  1.7  eV  above  the  5p3/2  peak  found 
for  the  Oz**  state  in  the  oxidation  of  bulk  Cs  is  not  observed  in  the 
present  case.  The  separation  between  the  Cs-5pj/z  peak  and  the  leading 
oxygen  peak  (at  4.6  eV  BE)  appears  to  vary  between  6.7  eV  and  6.3  eV 
with  increasing  oxygen  exposure.  This  agrees  favorably  with  the 
6.5  eV  separation  found  for  the  Oz**  state  in  Figure  1.  In  the  oxida¬ 
tion  of  bulk  Cs,  0z' *  state  appear  at  oxygen  exposures  intermedi¬ 
ate  to  those  required  to  produce  0z"2  and  02*  states  [4],  and  it  was 
suggested  to  be  related  to  CszOa  so  that  1StS2.  The  oxygen  species  in 
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the  Cs  overlayer  found  here  may  be  a  similar  molecular  ion  uith  ionic 
charge  intermediate  between  1  and  2;  we  will  designate  this  species  0*'n 
ions  (possibly  n*t)  .  More  justification  of  this  assignment  will  be 
given  in  the  next  subsection  where  the  oxygen  adsorption  process  on  ces- 
iated  GaAsUIO)  is  discussed.  It  is  important  to  point  out  here  that 
reaction  of  oxygen  with  the  Cs  atoms  in  the  monolayer-thick  Cs  overlayer 
indeed  occurs,  but  only  at  high  oxygen  exposures  after  a  significant 
amount  of  0-GaAs  bonding  is  formed  first  and  only  one  (02*n)  of  the 
several  possible  oxygen  species  in  Cs  is  formed. 

In  figs.  64  and  65.  we  show  additional  EDC's  of  the  Cs-5p's  and  the 
valence  band  region  of  two  p-GaAs(IIO)  surfaces  covered  uith  different 
amount  of  Cs  obtained  uith  He-1  radiation.  The  surface  of  fig.  64  was 
adsorbed  with  “0.6  monolayer  Cs  prior  to  oxygen  adsorption,  whereas  the 
surface  of  fig.  65  is  covered  with  one  monolayer  Cs.  The  increment  of 
oxygen  exposure  below  20  l  made  on  these  two  surfaces  is  finer  than  that 
made  on  the  surface  of  figs.  60.  61  and  62  which  we  have  discussed 
above.  In  both  figures  we  see  again  the  the  gradual  shift  of  Cs-5p's 
toward  lower  BE  uith  i  creasing  oxygen  exposure.  Two  peaks  are  seen  in 
the  valence  band  region  of  the  oxygen-exposed  EDC's.  The  4.6  eV  BE  peak 
which  grows  with  increasing  oxygen  exposure  is  due  to  oxygen  bonded  to 
GaAs.  The  peak  located  at  2.3  eV  below  the  4.6  eV  peak  in  these 
spectra  is  due  to  the  6.9  eV  BE  valence  feature  of  bulk  GaAS.  This  peak 
is  seen  in  21  eV  spectra  because  of  the  large  escape  depth  of 
the  photelectrons  originated  from  this  peak.  For  comparison,  we  show  in 
fig.  66  the  21  eV  EDC's  of  a  bare  p-type  GaAsUIO)  surface  subjected  to 
two  heavy  oxygen  exposures.  The  similarities  between  the  valence  band 
region  of  the  EOC's  in  figs.  64  and  65  and  those  in  fig.  66  are  clear. 
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re  62:  Comparison  of  oxygen  induced  feature  in  the  spectra  of 
oxygen  adsorbed  on  a  Cs-covered  and  a  bare  GaAsUIO) 
surface. 
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The  strength  of  the  4.6  eV  oxygen  peek  relative  to  that  of  the  6.9  eV 
GaAs  peak  in  the  1  L  EDC  of  the  mono! ayer-Cs-covered  GaAs(IIO)  surface 
in  fig.  65,  however,  is  higher  than  that  in  the  107  L  EDC  in  fig.  66; 
the  enhancement  of  the  oxygen  uptake  of  the  GaAs(ttO)  surface  by  the 
presence  of  monolayer  of  Cs  is  thus  at  least  107  times. 

As  can  be  seen  in  fig.  65,  the  oxygen  induced  feature  at  2.8  eV  bolou 
the  4.6  eV  peak  indicative  of  the  incorporation  of  02*n  into  the  Cs 
overlayer  (which  has  been  discussed  above)  appeared  at  exposures  £20  L. 
On  the  GaAs(IIO)  surface  covered  with  0.6  monolayer  Cs  prior  to  oxygen 
adsorption,  houever,  no  clear  trace  of  the  features  associated  uith  the 
Ot'n  in  Cs  can  be  found  in  the  EDO's  (fig.  64)  throughout  the  same  oxy¬ 
gen  exposure  range  as  that  made  on  the  monolayer-Cs-cover  GaAs(IIO)  (0.5 
L  -  200  l)..  Therefore  the  uptake  of  oxygen  by  the  Cs  overlayer  is 
higher  on  the  surface  with  higher  Cs  coverage.  Comparison  of  the 
strength  of  the  4.6  eV  oxygen  peak  in  the  corresponding  EDC's  in  fig.  64 
and  fig.  65  reveals  that  the  uptake  of  oxygen  by  the  GaAs  substrate  is 
higher  on  the  surface  with  higher  Cs  coverage.  (Compare  the  1  l  curves 
in  Figure  2  and  Figures  3,  and  compare  the  depth  of  the  valley  between 
the  oxygen  peak  and  the  substrate  peak  "A"  for  other  exposures).  Me 
thus  have  established  the  Cs  coverage  dependence  of  the  oxygen  adsorpton 
process  on  Cs-covered  GaAsdIO)  surfaces. 

Because  oxygen  bonds  only  to  GaAs  at  exposure  £20  L,  the  shift  of  Cs 
core  levels  toward  lower  BE  in  that  exposure  range  (Cs-4d,  fig.  61,  and 
Cs-5p,  figs.  62  and  65)  cannot  be  caused  by  the  direct  bonding  of  oxygen 
with  Cs;  rather  it  must  be  caused  by  the  indirect  interaction  of  the 
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He-I  spectra  fo  sample  PI  covered  with  0.6  monolayer  Cs  and 
subsequently  subjected  to  a  series  of  oxygen  exposures. 
Binding  energy  is  referenced  to  the  valence  band  maximum. 
Positions  of  Fermi  level  of  clean  and  Cs  covered  surfaces 
are  indicated. 
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Figure  65: 


He-!  spectra  of  sample  P2  covered  u 
and  subjected  to  a  sequence  of  oxyg 


ith  one  monolayer  of  Cs 
en  exposure. 
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O-GaAs  bonding  with  the  Cs  overlsyer. 


One  possibility  is  that  the  oxy¬ 


gen  atoms,  which  are  bonded  to  GaAs.  disorder  the  Cs  C(4x4)  overt ayer  or 
provide  screening  between  Cs  atoms,  such  that  the  Cs-Cs  interaction  in 
the  Cs  overlayer  is  reduced;  an  indication  of  the  depletion  of  "free 
electron"  from  Cs  is  the  removal  of  the  tailing  emission  on  the  high  9E 
side  of  Cs  core  levels  after  oxygen  exposure.  It  is  not  clear,  however, 
whether  the  reduction  in  Cs-Cs  interaction  will  cause  Cs  core  levels 
toward  lower  BE.  Another  effect  in  play  here  may  be  the  reduction  of 
the  dipole  potential  drop  across  Cs  and  GaAs  (i.e.»  an  increase  in  the 
work  function  of  the  (Cs.O.GaAs)  composite  surface  with  increasing  oxy¬ 
gen  exposure)  caused  by  the  disordering  of  the  Cs  core  levels  closer  to 
the  Fermi  level  (and  hence  the  BE's  of  Cs  core  level,  which  are  refer¬ 
enced  to  the  Fermi  level,  are  reduced).  A  more  detailed  picture  of  this 
dipole  potential  effect  will  be  given  in  6.2  below. 

5.5.2  Ihe  o.xy.qtn-Ad?«?rpUoa.-Er.<2.<?gss  pn_C5.-g.ay.er.ed. 

In  this  subsection  we  will  provide  explanations  for  the  spectroscopic 
findings  presented  in  the  last  subsection  (5.1);  description  of  the  oxy¬ 
gen  adsorption  process  on  Cs-covered  GaAs (110)  will  be  based  on  these 
explanations. 

The  oxidation  properties  of  Cs-covered  GaAs(llO)  surfaces  can  be  sum¬ 
marized  as  follows: 

i)  No  oxygen  can  be  bonded  to  Cs  before  a  significant  amount  of 
oxygen  is  bonded  to  the  GaAs  substrate.  The  exposure  at  which 
the  bonding  of  oxygen  to  Cs  begins  decreases  with  increasing  Cs 
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coverage.  A  ower  limit  of  the  oxygen  exposure  required  to 
commence  oxygen  incorporation  into  a  monolayer  of  Cs  is  10  l. 

ii)  The  bonding  of  oxygen  to  GaAs  is  enhanced  on  Cs  covered  sur¬ 
faces  by  at  least  107  times  as  compared  to  that  on  bare  sur¬ 
faces.  The  enhancement  increases  with  increasing  Cs  coverage. 

iii)  The  cesium-oxygen  complex  formed  does  not  contain  O'2  ions  — 
the  oxygen  species  contained  in  cesium-suboxides  and  Cs20,  but 
it  contains  a  non-dissociated  species,  02'2. 

iv)  The  bonding  of  oxygen  to  GaAs  continues  beyond  the  chemisorp¬ 
tion  stage  to  form  more  advanced  oxide  after  passing  the  expo¬ 
sure  at  which  oxygen  begins  to  incorporate  into  Cs. 


Result  (i),  the  preferential  bonding  of  oxygen  to  GaAs  instead  of  Cs, 
should  be  compared  with  the  thermodynamic  quantities  of  the  (Cs.0,GaAs) 
system.  The  heats  of  formation  of  GajOj,  AszOj  and  As20j  are  258,  156 
and  364  Kcal/mole,  respectively,  are  higher  than  the  heat  of  formation 
of  any  of  the  cesium  oxide  (88  for  CS3O,  76  for  Cs20,  96  for  Cs202,  111 
for  Cs20}  and  124  for  Cs02).  In  order  to  consider  the  thermodynamical ly 
favorable  reaction  of  reacting  a  fixed  amount  of  oxygen  with  Cs  and 
GaAs,  we  compare  in  table  11  the  standard  free  energies  of  reaction 
of  reacting  1.5  mole  oxygen  uith  Cs,  Ga,  and  As  to  form  vaious  possible 
oxides..  It  is  seen  in  table  11  that  the  free  energy  of  reaction  of 
CS3O  is  comparable  to  that  of  Ga203;  the  difference  may  be  within  expe- 
timental  error.  Comparison  of  the  free  energies  of  reaction  for  bulk 
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oxides,  however,  can  be  used  only  as  a  reference  for  the  surface 
reactions  being  considered  here.  Special  consideration  given  to  the 
surface-reaction  nature  of  the  oxygen  adsorption  process  makes  the 
bonding  of  oxygen  to  CaAs  even  more  favorable:  A  monolayer  of  Cs  does 
not  provide  the  Madelung  energy  necessary  to  stabli2e  various  oxygen 
ions.  Formation  of  cesium  suboxides  therefore  requires  migration  of 
Cs  atoms  across  the  CaAs  surface  to  form  three  dimensional  islands. 
Such  migration  of  Cs  atoms  is  difficult  because  Cs  atoms  in  submono¬ 
layer  to  monolayer  coverages  are  strongly  bonded  to  the  GaAs  substrate 
(131.  Similar  consideration  has  to  be  applied  to  the  formation  of 
GajOp,  AS2O3,  etc  'migration  of  Ga  and  As  atoms  is  necessary.  It  is 
likely  that  oxygen  forms  bridge  bond,  Ga-O-As,  or  donor-acceptor  bond, 
GaAs=0.,  or  both  with  GaAs  (see  discussion  in  Chapter  III).  For  such 
case  the  energetics  to  be  considered  are  the  following:  the  formation  of 
Ga-O-As  bond  releases  -5.7  eV  114],  and  the  formation  of  GaAs=0  bond 
releases  -3.0  eV  whereas  the  energy  gained  by  forming  Cs*-0'2  is  -2.0  eV 
(using  the  heats  of  formation  of  Cs^O,  Cs30,  but  substracting  the 
Cs/GaAs  bonding  energy  of  -0.8  eV/atom  113]).  Again,  the  oxygen  clearly 
favors  the  bonding  to  GaAs. 

Since  the  dissociation  of  oxygen  molecules  has  been  suggested  both 
experimentally  117]  and  theoretical ly  114]  to  be  the  rate  limiting  step 
of  oxygen  adsorption  on  bare  GaAs(IIO)  surface,  the  great  enhancement 
in  the  oxygen  uptake  of  GaAs  (result  (ii)  above)  can  be  understood  in 
terms  of  the  availability  of  dissociated  oxygen  atoms.  The  ability  of 
cesiated  GaAs  surfaces  to  dissociate  moelcular  oxygen  probably  arises 
from  barrier-less  or  low  barrier  charge  transfer  to  impinging  oxygen 
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TABLE  11 


Heats 

of  formation,  standard  entropies, 

and  free 

energies  of 

reaction  of  Cs 

,  Ga,  and  As 

oxides 

Reactions 

-AH 

S 

-AG 

Ckcal/mole) 

Ccal/mole- 

°K)  Ckcal/mole) 

Cs  1 

0 

21.2 

'  ’ 

Ga  2 

0 

9.8 

— 

As  2 

0 

8.4 

— 

GaAs  2 

19.5 

15.4 

— 

9  Cs  + 

3^2  0* 

3  Cs30  1 

264 

123 

221.9 

6  Cs  + 

3/2  02  •* 

3  Cs20  1 

227 

97.2 

196.9 

3  Cs  + 

3/2  02  -* 

3/2  Cs202  * 

144.3 

46.6 

117.3 

2  Cs  + 

3/2  02  -* 

Cs203  ’ 

111.2 

31.7 

86. 1 

3/2  Cs 

+  3/2  02 

-*  3/4  Cs20*  1 

93.  15 

25.4 

69.3 

2  Ga  + 

3/2  02  -» 

Ga203  2 

258. 8 

20.2 

237.  1 

2  As  + 

3/2  02  -* 

As203  2 

156.2 

29.3 

138.0 

6/5  As 

+  3/2  02 

-*  3/5  As20s  2 

218.5 

25.2 

184.5 

1.  Ref. 

15 

2.  Ref.  16 

molecules.  There  are  two  possible  sources  of  efficient  charge 
transfer  to  impinging  oxygen  molecules: 

a.  valence  electrons  in  the  Cs  overlayer 

b.  electrons  in  GaAs  transferred  through  a  surface  barrier 
lowered  by  cessation. 

The  evidence  we  have  given  at  the  beginning  of  section  4  that  the 
degree  of  ionization  of  Ca  atoms  in  the  overlayer  is  low,  suggests  that 
mechanism  (a)  plays,  at  least  at  the  initial  stage  of  adsorption,  an 
important  role.  Result  (iv)  above,  that  the  bonding  of  oxygen  to 
GaAs  continues  at  high  oxygen  exposure,  however,  suggests  that  mecha¬ 
nism  (b)  should  also  be  important. 
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At  high  oxygen  exposures,  the  higher  oxygen  pressures  used  lead 
to  higher  impinging  rate  of  oxygen  molecules.  Since  non-dissociated 
oxygen  does  not  bond  to  GaAs  13],  it  is  incorporated  into  the  Cs  over¬ 
layer.  This  has  motivated  us  to  associate  the  new  pair  of  0-2p  related 
features  appeared  at  high  oxygen  exposures  to  molecular  oxygen  ion,  0**z 
(section  5.1).  At  high  oxygen  exposures  (220  L),  the  0-GaAs  bonding  may 
weaken  the  binding  force  between  Cs  and  the  GaAs  substrate  to  make  Cs 
atoms  relatively  mobile,  and  hence  the  probability  of  incorporating  oxy¬ 
gen  species  into  the  Cs  overlayer  increases. 

The  fact  that  the  bonding  of  oxygen  to  GaAs  can  proceed  beyond  the 
surface  layer  to  form  more  advanced  oxide  (result  (iv)  above)  is  worth 
emphasizing.  This  means  the  GaAs  substrate  can  compete  effectively  for 
dissociated  oxygen  with  the  Cs  overlayer  over  a  wide  range  of  oxygen 
exposures;  this  explains  result  (iii)  above.  The  formation  of  substrate 
(GaAs)  oxide  beyond  the  first  surface  layer  involves  overcoming  activa¬ 
tion  barriers  such  as  the  breaking  of  backbonds,  the  diffusion  of  oxy¬ 
gen  atoms(and  the  migration  of  Ga  and  As  atoms  if  bulk  oxides  like 
Gaz03  and  AszOj  are  formed).  The  dissociated  oxygen  atoms  appear  to 
be  energetic  enough  to  overcome  all  these  barriers. 

The  absence  of  0'z  ions  in  Cs  throughout  the  whole  range  of 
oxygen  exposures  r,tudied  here  should  be  contrasted  to  the  case  of  thin 
layer  of  Cs  on  Ag.  For  a  thin  layer  of  Cs  on  Ag,  Ebbinghaus  et  al 
[18]  have  shown  that  cesium-suboxide,  i.e.,  O'2  ion,  is  formed  read¬ 
ily  by  10  L  oxygen  exposure  at  room  temperature.  The  contrast  offered 
by  the  case  of  Ag  provides  additional  support  to  the  general  pic¬ 
ture  given  to  GaAs:  (i)  Oxygen  bonding  to  Ag  is  ueak  compared  to 
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cesium  (AH  (AgzO)=-7.3  Kcal  (15.161),  hence  Ag  does  not  compete  for 
0*2  ions,  (ii)  Cs  atoms  in  the  Cs  overlayer  on  Ag  polarize  less  than 
on  GaAs,  i.e.  the  bonding  between  Cs  and  Ag  is  weak  compared  to  the 
bonding  between  Cs  and  GaAs.  Cs  atoms  may  thus  be  mobile  to 
form  (oxygen-adsorption  induced)  islands  and  to  achieve  the  necessary 
Madelung  energy  for  the  formation  of  cesium  suboxides  [191. 

We  conclude  this  subsection  by  giving  the  following  brief  description 
of  the  oxygen  adsorption  process  on  Cs-covered  GaAs(IIO)  surfaces:  ini¬ 
tially  (i.e.,  at  low  oxygen  exposure  less  than  “20  L),  the  oxygen  mole¬ 
cules  which  impinge  on  the  cesiated  GaAs(IIO)  surface  quickly  dissociate 
by  an  efficient  charge  transfer  from  the  1 ow-work-f unction  surfaces  the 
dissociated  oxygen  atoms  cannot  be  stabilized  by  a  thin  layer  of  Cs, 
rather  they  find  stable  bonds  with  GaAs;  as  the  amount  of  oxygen  bonded 
to  GaAs  increases  so  that  the  mobility  of  Cs  atoms  in  the  Cs  overlayer 
increases,  the  probality  of  the  Cs  layer  to  capture  non-dissociated  oxy¬ 
gen  increases  becuase  the  non-dissociated  oxygen  cannot  find  stable 
bonding  with  GaAs;  the  uptake  of  dissociated  oxygen  of  the  GaAs  sub¬ 
strate  slows  down  when  the  amount  of  oxygen  bonded  to  GaAs  increases 
beyond  about  one  monolayer  due  to  diffusion  limited  process,  the  bonding 
of  0  atom  to  GaAs,  however,  remains  to  be  so  favorable  that  no  dissoci¬ 
ated  oxygen  can  be  found  in  the  Cs  overlayer. 

5.6  RESULTS  AND  DISCUSSION  -  EFFECTS  OF  ADDITIONAL  CS  TREATMENTS  If 

One  key  factor  determining  the  oxygen  adsorption  process  on  monolay- 
er-Cs-covered  GaAs(llO)  is  the  thinness  of  the  Cs  overlayer  (monolayer 
is  the  highest  stable  Cs  coverage  achievable  at  room  temperature  before 
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adsorbing  oxygen).  For  example,  the  sequence  of  oxygen  species 
encountered  in  the  oxidation  of  bulk  Cs  (section  3)  does  not  occur  in 
the  adsorption  process  on  Cs-covered  GaAs  surfaces  due  to  (1)  the  insuf¬ 
ficient  Madelung  energy  provided  by  a  thin  layer  of  Cs.  and  (2)  the 
proximity  of  the  GaAs  substrate  which  is  a  strong  competetor  for  disso¬ 
ciated  oxygen  atoms.  It  is  therefore  interesting  to  ask  that  how  much  Cs 
is  enough,  in  terms  of  both  the  thickness  needed  to  provide  enough  Made- 
lung  energy  for  various  oxygen  ions  and  the  thickness  needed  to  separate 
the  influence  of  the  GaAs  substrate,  so  that  the  oxidation  of  the  Cs 
overlayer  becomes  similar  to  that  of  bulk  Cs.  We  therefore  have  pre¬ 
pared  surfaces  with  more  than  one  monolayer  of  Cs  by  depositing  addi¬ 
tional  Cs  on  the  Cs/O-GaAs  surfaces  prepared  in  the  way  described  in  the 
previous  section  (sec.  5).  and  the  oxygen  adsorption  properties  of  such 
"Cs-ref reshed"  surfaces  are  then  examined;  studies  have  been  made  on 
surfaces  treated  with  up  to  three  Cs-0  cycles.  In  such  experiments 
other  questions  can  be  asked,  such  as  whether  or  not  the  Cs  atoms  sup¬ 
plied  by  the  additional  Cs  treatment  react  with  the  oxygen  in  the  0-GaAs 
bonding  which  was  formed  prior  to  the  additional  Cs  deposition;  question 
can  also  be  asked  whether  or  not  the  O*’"  ions  in  Cs  formed  with  £10  t 
oxygen  exposure  can  be  transformed  into  other  oxygen  species  by 
the  application  of  additional  Cs. 

The  experimental  data  are  spectroscopically  complex.  It  is  therefore 
appropriate  to  first  list  the  important  conclusions: 

i)  the  sequence  of  oxygen  species,  0‘*.  Oj*2.  02*n  and  O2*.  which 
is  encountered  in  the  oxidation  of  bulk  Cs.  is  observed  with  a 
total  amount  of  Cs  of  *3  monolayers. 
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ii)  the  Ot"2  ion,  if  formed  by  oxygen  exposure  with  imonolayer  Cs, 
is  transformed  into  O'2  ion  by  a  Cs  treatment  followed  the  oxy¬ 


gen  exposure. 

iii)  bonding  of  oxygen  to  GaAs  continues  with  sufficiently  high  oxy¬ 
gen  exposure  even  at  the  presence  of  more  than  one  mono- 
layer  of  Cs. 

iv)  Cs  atoms  deposited  after  an  oxygen  exposure  do  not  react  with 
the  oxygen  atoms  in  the  0-GaAs  bonding. 

Ue  will  again  break  the  discussion  into  two  subsections.  The 
rather  complex  photoelectron  spectra  will  be  described  first 
(6.1).  A  special  subsection  (6.2)  is  devoted  to  explaining  the 
key  phenomenon  of  dipole  potential  induced  core  level  shifts. 
Explanations  of  the  above  conclusions  will  then  follow  (6.3). 

5.6.1  yhg  piwtoeiectrpn,  spectra 

The  EOC's  of  sample  N2  subjected  to  alternating  Cs  and  oxygen  treat¬ 
ment  are  shown  in  figs.  67(cs-4d),  fig.  62(Cs-5p  and  0-2p  related  fea¬ 
tures)  and  fig.  6Q(Ga-3d,  As-3d,  Cs-5s  and  0-2s).  Similar  results 
obtained  on  sample  hi  are  also  shown  in  fig.  70(Ga-3d,  As-3d.  Cs-5s  and 
0-2s).  The  first  Cs  treatment  resulted  in  monolayer  coverage  as 
defined  in  the  previous  bsection.  Subsequent  Cs  treatments  were  with 
same  flux  but  the  actual  coverage  may  be  different  due  to  dif¬ 
ferent  sticking  coefficients  of  Cs  on  different  surfaces.  Only 
cummulative  oxygen  exposures  between  Cs  treatments  are  entered  in  figs. 
67  -  70. 
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Adsorption  of  oxygen  shifts  Cs  core  levels  (5p»  5s,  end  4d)  to 
lower  binding  energy,  whereas  each  "recesiation"  brings  Cs  core 
levels  to  higher  binding  energy.  The  shift  toward  high  BE  (1.0  eV) 
produced  by  cesiation  is  slightly  bigger  than  the  toward  low  BE  (0.7  eV) 
produced  by  adsorbing  oxygen.  After  each  fresh  Cs  treatment,  a  tailing 
emission  can  be  seen  on  the  high  BE  side  of  Cs-4ds/2  (fig-  67),  and 
such  tailing  emission  is  removed  after  exposure  to  oxygen.  This  tailing 
emission  indicates  that,  as  has  been  discussed  in  section  4,  the  Cs 
overlayer  deposited  by  each  Cs  treatment  exhibits  certain  degree  of  met¬ 
allic  character,  although  the  density  of  free  electrons  in  the  Cs  over¬ 
layer  must  be  lower  than  that  of  bulk  Cs.  Similar  changes  in  the  Cs-5p 
levels  after  Cs  and  oxygen  treatment  are  also  discernable  (fig.  68). 

Ozip.-keLated  .Features 

As  has  been  described  in  section  5,  0-2p  related  features  produced  by 
oxygen  exposures  after  the  first  Cs  treatment  consist  of  two  relatively 
narrow  peaks  at  4.6  eV  and  7.4  eV  below  the  VBM  of  GaAs,  which  are  asso¬ 
ciated  with  Oz'”  in  Cs,  superposed  with  a  broad  peak  at  4.6  eV  below 
VBM.  which  is  due  to  oxygen  bonded  to  GaAs.  Cesiation  shifts  the  pair 
of  peaks  (labeled  1  and  2  in  fig.  68)  of  Oz'1  to  higher  binding 
energy.  The  shift  is  equal  to  that  of  Cs  core  levels.  The  sepa¬ 
ration  between  the  two  peaks  remain  approximately  the  same  after 
cesiation.  The  emission  in  the  valley  between  the  two  peaks  appears  to 
be  reduced  after  the  second  Cs  treatment(curve  c  to  curves  d  and  e,  fig. 
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Figure  67s  EOC's  of  the  Cs-4d  levels  and  the  NOO  Auger  transition  of 

sample  N2  subjected  to  alternating  Cs  and  oxygen  treatments 


68).  This  indicates  that  the  relative  contribution  from  the  oxygen  in 
the  0-GaAs  bonding  to  the  emission  in  the  valence  band  region  decreases 
after  the  second  Cs  treatment  due  to  attenuation  by  the  (Cs,0)  overlayer 
uith  increasing  thickness  and  due  to  increased  amount  of  02'n  incorpo¬ 
rated  into  Cs. 

A  new  oxygen  feature  (labeled  3)  appeared  in  curve  d  of  fig.  68  after 
the  100  L  oxygen  exposure  that  folloued  the  second  Cs  treatment;  it  is 
located  at  2.2  eV  belou  VBM.  The  separation  of  this  peak  from  the 
Cs-5po/2  level  is  8.6  ±  0.2  eV,  close  to  that  expected  for  either  the 
O' 2  ions  (8.7  eV,  fig.  59)  or  the  leading  peak  of  02*2  ions  (8.6  eV. 
fig.  59).  The  expected  positions  for  the  other  tuo  peaks  associated 
uith  02*2  ions  are  marked  uith  arrows  3a  and  3b  in  curves  d  of  fig.  68. 
It  is  not  clear  whether  there  is  feature  above  arrows  3a  and  3b  in 
curve  d,  because  the  positions  of  3a  and  3b  overlap  uith  peaks  1  and  2 
due  to  02  * n.  Peak  3  is  also  shifted  to  higher  binding  energy  by  cesia- 
tion  as  other  levels  of  the  overlayer  are,  but  by  a  significantly 
smaller  amount  (0.6  eV,  curves  d  and  e ,  fig.  68).  The  smaller  shift  of 
peak  3  compared  to  other  peaks  by  the  third  Cs  treatment  is  explained 
below  by  the  transformation  of  02'2  ions  into  O'2  ions,  i.e.,  peak  3  in 
curve  d  (before  the  3rd  Cs  treatment)  is  associated  uith  02*2,  uhereas 
peak  3  in  curve  e  is  associated  with  O'2.  The  binding  energy  of  the 
0-2p  level  of  O'2  ions,  2.7  eV  belou  Fermi  level,  is  0.6  eV  louer 
than  the  binding  energy  of  the  2HS  multiplet  of  02'2  ions  (3.3  eV 
belou  Fermi  level).  The  transformation  of  02'2  to  0*2  therefore  intro¬ 
duces  to  peak  3  a  shift  0.6  eV  to  louer  BE,  uhich  superposes  uith  the 
change  of  dipole  potential  induced  by  recesiation  (to  be  discussed  belou 
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in  6.2)  -  a  shift  to  higher  binding  energy  by  1  eV  for  all  energy 
levels.  The  net  result  is  a  shift  of  0.4  eV  of  peak  3  toward  higher 
binding  energy  after  the  3rd  Cs  treatment.  Me  therefore  tentatively 
conclude  here  that  Oj'2  in  Cs  can  be  formed  with  only  about  monolayers 
of  Cs  being  present  in  the  overlayer,  but  it  is  reduced  to  0*2  after 
recesiation. 

The  O2'  ion  in  Cs  was  formed  after  the  third  Cs  treatment  and 
one  high  oxygen  exposure  (500  L,  curve  g  of  fig.  66).  This  is  estab¬ 
lished  by  the  simlarity  of  the  top  spectrum  in  fig.  68  and  the  spectrum 
of  O2'  in  fig.  59.  The  appearance  of  the  02*  ion,  the  last  oxygen  spec¬ 
ies  observed  in  the  oxidation  of  bulk  Cs  (fig.  59, section  3),  suggests 
that  the  oxidation  behavior  of  Cs  atoms  becomes  similar  to  that  of  Cs 
atoms  in  bulk  Cs,  after  only  about  three  monolayers  of  Cs  being  present 
in  the  overlayer, 

Ibp_$a--3d  and . thg_.fts.-34  Jpcg.-lE-veis 

As  explained  in  section  5,  the  oxygen  adsorbed  after  the  deposition 
of  the  1st  monolayer  of  Cs  predominant! y  bonds  to  GaAs  and  induces  a 
chemical  shift  in  the  As-3d  level  (AE=3.6  eV)  and  a  broadening  in  the 
Ga-3d  level;  these  results  are  again  seen  in  curve  b  of  fig.  69.  The 
shifted  As-3d  peak  with  AE  (change  in  binding  energy)=3.6  eV  is  moved  by 
the  second  Cs  treatment  to  have  AE=4.6  eV  (curve  c  of  fig.  69  and  curve 
c  of  fig.  70).  A  shoulder  with  AE=3.2  eV  is  also  revealed  by  this 
treatment.  The  relative  intensity  of  the  shifted  As-3d  peak  and  the 
unshifted  As-3d  peak  stayed  constant  before  and  after  Cs  treatment. 
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Figure  63:  EDO's  of  the  Cs-5p  levels  and  the  valence  band  region  of 
sample  N2  subjected  to  alternating  Cs-0  treatment. 
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This  result  is  independent  of  the  amount  of  shifted  As-3d  peak  (com¬ 
pare  curve  c  of  fig.  69  and  curve  c  of  fig.  70).  Oxygen  exposures  made 
after  the  second  Cs  treatment  brought  the  shift  back  to  BE=3.6  eV 
(curve  d  of  fig.  69  and  curve  d  of  fig.  70).  The  shifted  As- 3d  peak 
is,  however,  significantly  narrower  than  before  the  2nd  Cs  treatment 
(curve  b,  fig.  69).  1.7  eV  vs.  2.2  eV  FWHM.  The  GaAs  substrate 
is  further  oxidized  by  oxygen  exposures  made  after  the  second  Cs 
treatment,  as  evidenced  ty  the  growth  of  the  shifted  As-3d  peak  relative 
to  the  unshifted  As-3d  peak  (curve  d  of  fig.  69  and  curve  d  of 
fig.  70).  Subsequent  Cs  and  oxygen  treatments  on  sample  N2  switched  the 
position  of  the  shifted  As-3d  peak  back  and  forth  between  AE=4.6  eV 
and  &E=3.6  eVi  the  final  oxygen  exposure  (500  L)  moved  the  shifted  As-3d 
peak  sligiitiv  toward  lower  binding  energy  to  give  AE=3.4  eV  (curve  g, 
fig.  69). 

The  Ga-3d  peak  is  also  shifted  by  -1.0  eV  toward  higher  binding 
energy  by  the  second  Cs  treatment  (curve  c  of  fig.  69  and  curve  c 
of  fig.  70),  The  100  L  oxygen  exposure  followed  moved  the  Ga-3d  back  to 
its  position  before  the  second  Cs  treatment  (curve  d,  fig.  69).  The 
effect  on  the  Ga-3d  generated  by  the  rest  Cs  and  oxygen  treatments  on 
sample  N2  is  difficult  to  assess  because  the  Ga-3d  is  broad  partly  due 
to  the  rigid  shift  expected  and  partly  due  to  the  overlap  with  the  newly 
emerged  0-2s  peak  on  the  low  BE  side  of  Ga-3ri. 

In  curve  f  of  fig.  69,  an  0-2s  peak  related  to  cesium  oxide  clearly 
developed  at  17.9  eV  below  VBM  after  the  100  L  oxygen  exposure  that 
followed  the  third  Cs  treatment.  The  6  eV  separation  between  the  Cs-5s 
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Figure  69:  EOC's  of  Ga-3d,  As-3d,  Cs-Ss  and  0-2s  of  sample  N2 

subjected  to  alternating  Cs-0  treatment . The  level  on  the 
low  8E  side  of  the  Ga-3dr  seen  in  curves  f  and  g>  is  due  to 
oxygen  incorporated  in  Cs>  whereas  the  one  on  the  high  BE 
side  of  the  Ga-3d  is  due  to  O-GaAs  bonding. 
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Figure  70: 


EDO's  of  As-3d,  Cs-5s,  0-2s»  and  Ga-3d  spectra  of  sample  N1 
subjected  to  alternating  Cs  and  0  treatments. 
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One  key  result  to  be  understood  in  the  above  subsection  is  the  com¬ 
plex  shifts  exhibited  by  various  energy  levels.  Most  of  the  shifts  can 
be  reasonably  uelt  explained  by  the  change  in  the  dipole  potential 
across  the  overlayer.  The  possibility  that  the  downward  shifts  occur¬ 
red  after  each  Cs  treatment  are  caused  by  reactions  of  Cs  with  vari¬ 
ous  oxides,  however,  cannot  be  immediately  ruled  out.  The  change  of  the 
chemical  shift  in  As- 3d  levels  between  AE=3.6  eV  and  AE=4.6  eV  by 
alternate  cesium  and  oxygen  treatments  is  rather  intriguing.  The  shift 
of  AE=3.6  eV  is  close  to  the  value  expected  for  As203  Mil,  and  the 
shift  of  4.6  eV  is  close  to  the  value  expected  for  As205  1201.  It 
would  then  be  tempting  to  associate  the  4.6  eV  shift  with  As*Os 
and  the  3.6  eV  shift  with  As203  in  the  present  case.  To  illustrate 
such  possibility,  we  outline  below  one  hypothetical  way  the  Cs  treatment 
could  transform  As203  to  As20*  ' 

We  first  notice  that  the  ratio  of  the  area  under  the  shifted  As-3d 
peak  and  that  under  the  unshifted  peak  is  the  same  before  and  after  each 
Cs  treatment  (fig.  69) .  This  result  is  independent  of  the  absolute 
value  of  the  ratio.  In  fig.  70,  we  have  shown  that  consistent  results 
were  obtained  on  sample  N1,  which  was  initially  oxidized  to  a  less 
extent.  Hence  numbers  of  oxidized  and  unoxidized  As  atoms  are  the 
same  before  and  after  each  Cs  treatment.  Additional  oxygen  atoms 
must  be  supplied  for  the  transformation  from  As203  to  As20$  to  occur. 
The  most  likely  source  is  the  release  of  02*n  ions  from  Cs.  The 
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release  could  in  principle  be  achieved  by  dissociating  02'n 
into  0*2  ions  using  the  excess  charges  supplied  by  fresh  Cs;  since  As205 
is  thermodynamically  more  stable  than  As^Oa.  formation  of  AsjO*  from 
AS2O3  would  occur.  Including  all  possible  reactions,  it  is>  however, 
thermodynamically  more  favorable  to  have  Cs  react  with  AS2O3,  if  it 
existed,  to  reduce  it  to  free  As,  rather  than  to  oxidize  it  to  As20s: 
free  energies  of  reaction  indicating  this  point  are  given  in  the  Appen¬ 
dix.  The  most  serious  difficulty  of  the  above  interpretation  is  that 
the  change  of  the  shift  from  4.6  eV  back  to  3.6  eV  by  oxygen  expo¬ 
sures  has  to  be  jnderstood  as  reduction  of  As20s  to  AS203  by  oxygen 
exposures.  Such  reduction  is  highly  unlikely,  if  not  impossible. 

The  equality  of  the  4.6  eV  shift  observed  here  with  the  value 
expected  for  As20s  is  therefore  merely  coincidence.  A  mechanism  other 
than  the  reaction  of  cesium  with  oxides  must  be  sought  to  explain  the 
shift. 

The  approximately  equal  shift  (1  eV)  of  all  overlayer-related  levels 
relative  to  an  substrate  core  level  (As-3d  of  GaAs)  indicates  that  one 
common  mechanism  is  responsible  for  all  shifts.  We  propose  this 
mechanism  to  be  the  change  of  the  dipole  potential,  induced  by  adsorp¬ 
tion  of  Cs  or  oxygen,  across  the  overlayer.  The  influence  of  the  local 
electrostatic  potential  at  the  surface  on  the  binding  energy  of  adsor¬ 
bate  core  levels  has  been  theoretically  considered  by  Cazuk  1211.  The 
case  that  the  binding  energy  of  xenon  core  level  is  a  constant  when  ref¬ 
erenced  to  the  vacuum  level  at  the  surface  (instead  of  the  Fermi  level 
of  the  metal  substrates)  has  been  experimentally  demonstrated  by  Fuggle 
and  Menzle  (221  who  have  measured  the  BE's  of  Xe-3d  for  Xe  physisorbed 
on  different  metals  with  different  work  functions.  In  this  work  we 
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offer  a  case  uhere  the  adsorbates  themselves  induce  changes  in  the  sur¬ 
face  dipole  potential  which  in  turn  cause  proportional  shift  of  the  BE's 
of  adsorbates  core  levels  (and  localized  valence  levels). 

Fig.  71  schematically  depicts  this  mechanism.  Semiquanti tative 
potential  profiles  near  the  surface  region  under  different  situations 
are  shown.  For  simplicity,  ue  have  indicated  only  the  As- 3d  (both 
shifted  and  unshifted)  and  the  Cs-4d  levels,  other  energy  levels  associ¬ 
ated  with  the  overlayer  atoms  follow  the  same  change.  The  work  function 
of  GaAs  (110)  is  taken  from  the  value  obtained  by  Gobeti  and  Allen 
[23]  and  corrected  for  the  Fermi  level  pinning  position.  The  lowering 
of  work  function  by  monolayer  of  Cs  is  from  Clemens  et.  al .  [91. 
Electrons  ionized  from  the  Cs  overlayer  could  reside  either  in  the 
surface  states  or  in  the  space  charge  region  of  GaAs,  and  can  alter  the 
band  bending  of  GaAs.  Such  change  in  band  bending  is  no  more  than 
0.2  eV,  hence  we  have  ignored  this  change  in  preparing  fig.  71.  The 
dipole  potential  at  the  surface  and  the  BE's  of  the  core  levels  of  the 
monol ayer-Cs-covered  GaAs(IIO)  surface  prior  to  oxy***r>  exposure  ^re 
shown  in  the  left  column.  As  a  monol ayer-Cs-covered  surface  is 
exposed  to  heavy  oxygen  exposure,  one  to  two  layers  of  0-GaAs  bonding 
complexes  are  formed  between  Cs  and  GaAs  (center  column  of  fig.  71), 
which  disorder  the  orientation  of  dipoles  and  may  cause  considerable 
weakening  of  the  dipole.  This  mechanism  of  the  weakening  of  the  dipole 
is  further  aided  by  the  incorporation  of  the  02*n  ions  into  the  Cs 
layer:  Electrons  are  transferred  from  GaAs  to  O2  molecules  to  form 
0j'n  ions  and  the  net  dipole  charges  (between  the  GaAs  substrate  and  the 
(Cs,0)  overlayer)  are  reduced.  Therefore  most  of  the  potential  occurs 
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between  the  O-GaAs  layer  and  the  Cs*-02*n  layer,  and  only  a  small  part 
falls  over  the  O-GaAs  layer.  This  reduction  of  the  dipole  strength 
raises  the  vacuum  level  at  the  surface;  because  the  Cs  core  levels  ride 
on  the  surface  potential,  their  BE's  referenced  to  the  Fermi  level  are 
lowered.  Me  have  indicated,  as  an  example,  the  shift  of  the  Cs-4d  level 
in  fig.  71.  In  fig.  71,  we  have  assumed  that  the  shift  in  the  Cs  core 
levels  is  equal  to  the  dipole  potential  change,  i.e.,  we  have  assumed 
that  the  adsorption  of  oxygen  in  the  Cs  overlayer  does  not  introduce 
chemical  shift  in  the  Cs  core  levels  in  addition  to  the  dipole  potential 
shift.  This  assumption  is  justified  by  (1)  equal  shift  found  in  energy 
levels  associated  with  different  kinds  of  overlayer  atoms,  and  (2)  the 
lack  of  shift  of  Cs  core  levels  when  bulk  Cs  is  oxidized  to  CS2O2,  CS’03 
and  Cs02  [4], 

The  changes  in  the  dipole  potential  and  the  BE's  induced  by  recesia- 
tion  are  shown  in  the  right  column  of  fig.  71.  Additional  Cs  treat¬ 
ment  brings  electrons  t»*at  can  be  ionized  from  Cs  and  captured  by 
GaAs  (right  column.  Figure  14).  The  dipole  potantia!  is  thus  re¬ 
established  between  the  GaAs  substrate  and  the  Cs(Cs*-02*n)  layer. 
Because  Cs*  ion  in  the  (Cs*-02'n)  layer  has  a  closer  packing  than  Cs  in 
the  monolayer  Cs  on  GaAs(IIO)  (12  monolayers  of  Cs  atoms  are  needed  to 
pack  one  layer  of  Cs*  ions  in  cesium  oxides  such  as  CS2O,  CsiOt,  Csz03 
and  CsOz),  part  or  all  of  the  Cs  atoms  deposited  by  the  2nd  Cs  treatment 
may  come  into  the  same  layer  as  the  Cs*  ions  existed  on  the  surface 
prior  to  the  2nd  Cs  treatment.  Therefore  the  increase  in  the  dipole 
potential  mostly  falls  accross  the  O-GaAs  layer,  and  little  falls  within 
the  Cs(Cs*-02'n)  layer.  Energy  levels  of  all  atoms  in  the  overlayer, 
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including  atoms  in  the  0-GaAs  layer,  shift  to  higher  BE  with  respect  to 
the  Fermi  level  by  the  same  amount  as  the  dipole  potential  increases. 
Re-exposure  to  oxygen  leads  to  reduction  in  a  manner  similar  to  that 
depicted  in  the  center  column  of  fig.  71.  and  re-cesiation  can  resume 
the  dipole  strength  in  a  manner  similar  to  that  depicted  in  the 
right  column.  Energy  levels  such  as  the  shifted  As-3d,  Cs-4d, 
Cs-5p.  and  0-2p  therefore  switch  between  high  and  tow  binding  energy 
with  alternate  Cs  and  oxygen  treatment. 

One  important  implication  of  the  above  picture  is  that  it  suggests 
that  each  Cs  treatment  is  as  effective  in  lowering  the  surface  work 
function  as  the  first  Cs  treatment  applied  to  clean  GaAs  despite  the 
existence  of  the  intervening  0-GaAs  layers.  This  result,  as  reflected 
in  core  level  shifts  here,  is  consistent  with  the  result  of  Gregory 
and  Spicer  124]  who  have  diretly  measured  the  charges  in  photoelec¬ 
tric  thresholds.  In  their  Cs-oxygen  treatment  Gregory  and  Spicer 
also  used  oxygen  exposures  much  higher  than  normally  used  for  activating 
the  GaAs  (110)  surface.  They  have  found  that,  however,  by  terminat¬ 
ing  an  arbitrary  sequence  of  Cs-0  treatment  that  contained  large  oxygen 
exposure  with  a  Cs  treatment,  it  is  possible  to  achieve  the  same  phote- 
lectric  threshold  as  that  achieved  by  applying  Cs  alone  to  clean 
GaAs(IIQ),  although  the  decrease  in  yield  above  threshold  is  obviously 
related  to  the  increased  thickness  of  the  intervening  oxides  depicted 
in  Figure  14.  The  oxide  layer  therefore  can  be  considered  as  one  pos¬ 
sible  origin  if  the  "interfacial  barrier"  observed  for  photoemission 
from  photocathodes  (15J.  The  origin  of  this  interfacial  barrier,  how¬ 
ever,  is  entirely  different  from  the  hetero junction  disussed  by  Uebbing 
and  James  (25],  or  the  double  dipole  discussed  by  Fisher  et  al .  (261. 
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5.6.3 


In  this  subsection  we  briefly  give  some  explanations  and  implications 
of  the  spectroscopic  findings>  which  have  been  summarized  in  the  begin¬ 
ning  of  this  section. 

The  fact  that  the  oxidation  property  of  Cs  atoms  in  the  overlayer 
becomes  similar  to  that  of  bulk  Cs  (summary  (i))  can  be  explained  by  the 
mobility  of  Cs  atoms  to  form  islands  of  cesium  oxides  and  the  reduction 
of  the  competition  of  the  GaAs  substrate  for  oxygen.  The  latter  point 
is  especially  important  in  stablizing  0‘2  ions  in  Cs.  Reduction  of  the 
competing  power  of  the  GaAs  substrate  for  dissociated  oxygen  may  be 
achieved  by  two  contributing  factors:  (a)  increased  thickness  of 
a  buffer  layer  of  oxides  (oxygen  chemisorbed  on  GaAs(llO)  I3J  or  possi¬ 
bly  As203  and  Ga203,  and  Cs*-02*n)  so  that  the  diffusion  of  oxygen 
atoms  to  the  GaAs  substrate  is  impeded;  (b)  increased  amount  of 
excess  Cs  so  that  the  probability  of  stabilizing  0*2  ions  in  Cs  is 
increased.  The  relative  importance  of  the  two  factors  in  stabiliz¬ 
ing  0*2  ions  in  Cs  over  a  wide  range  of  Cs  coverages  and  oxygen  expo¬ 
sures  has  not  been  determined  in  the  present  work.  An  optimum 
combination  of  the  two  factors  for  stabilizing  O'2  ions  may  be  pur¬ 
sued  if  the  incorporation  of  O'2  ions  in  Cs  on  GaAs  is  desirable. 
Whether  the  O'2  ions  are  desirable  or  not  for  the 

Result  (ii)  in  the  summary  suggests  that  one  way  of  obtaining  Cs20  or 
cesium  suboxides  is  to  reduce  Cs202  by  C3.  The  result  of  section  5 
shows  that*  however,  Cs202  (or  02'2  ions  in  Cs)  cannot  be  obtained  by 
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oxidizing  a  monolayer  of  Cs  in  direct  contact  with  a  GaAs  substrate. 
It  is  necessary  to  deposit  more  than  one  monolayer  of  Cs. 

Although  the  competing  pouer  of  the  GaAs  substrate  for  dissociated 
oxygen  is  reduced  and  the  oxidation  of  Cs  atoms  proceed  nearly  independ¬ 
ent  of  the  substrate  after  depositing  more  than  one  monolayer  of  Cs>  the 
bonding  of  oxygen  to  GaAs  still  advances  (summary  (iii)).  This  indi¬ 
cates  that  the  bonding  of  oxygen  to  GaAs  is  unavoidable  even  though  dif¬ 
ferent  kinds  of  cesium  oxides  may  be  obtained  on  GaAsdIO)  by  going  to 
relatively  thick  Cs  layers. 

The  fact  that  Cs  does  not  react  uith  oxygen  in  the  0-GaAs  bonding 
should  again  be  contrasted  to  the  case  of  (Ag,D,Cs).  It  is  a  known 
method  in  preparing  S-1  photocathode  [15]  (which  is  made  of  Ag,  0  and 
Cs)  that  Ag  is  first  oxidized  to  form  Ag20  and  then  cesium  vapor  is  then 
applied  to  reduce  Ag20  to  produce  Cs20.  This  method  can  not  be  extended 
to  form  Cs20  on  GaAs  surfaces  as  indicated  by  our  results.  This  differ¬ 
ence  is  again  explained  by  the  relative  stability  of  O-GaAs  bonding  over 
cesium  oxides. 

5.7  SUMMARY 

In  summary,  we  have  examined  the  interaction  of  Cs  and  oxygen  uith 
the  GaAsdIO)  surface  from  a  fundamental  point  of  view.  The  oxygen 
adsorption  property  of  the  GaAsdIO)  surface  is  found  to  be  drastically 
modified  by  the  presence  of  Cs,  and  the  oxidation  of  the  Cs  atoms  on 
GaAsdIO)  is  found  to  be  interfered  by  the  chemically  active  substrate. 
The  “137  times  enhancement  in  the  rate  oxygen  bonds  to  GaAs  with  the 
presence  of  Cs  suggests  that  the  rate-1 imi tting  step  of  the  oxygen 
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adsorption  process  on  bare  GaAs(IIO)  surfaces  is  the  dissociation  of 
oxygen  molecules.  The  fact  that  0*2  cannot  be  stabli2ed  in  a  monolayer 
of  Cs  on  GaAs  is  due  to  (1)  the  competition  of  the  GaAs  substrate  for 
dissociated  oxygen.  and  (2)  insufficient  Madelung  energy  in  a  tuo 
dimensional  layer  of  Cs  atoms.  A  non-dissociated  oxygen  species,  02'", 
however,  was  found  to  incorporate  into  a  monolayer  of  Cs  on  GaAs(IIO), 
because  (1)  it  is  easier  to  stablize  (free  O'2  is  5.0  eV  more  unstable 
than  neutral  0  atom,  whereas  0*'  is  0.56  eV  more  stable  than  O2)  and  (2) 
non-dissociated  oxygen  does  not  find  stable  bonds  with  GaAs  thus  it 
faces  no  competition  from  the  substrate.  formation  of  O'2  was  found 
after  depositing  two  to  three  monolayers  of  Cs  on  GaAs;  this  result  is 
not  merely  due  to  the  increased  number  of  Cs  atoms,  but  also  due  to 
increased  mobility  of  the  newly  added  Cs  atoms  to  form  islands  of  Cs-ox- 
ygen  complexes.  The  bonding  of  oxygen  to  GaAs  continues,  although  at  a 
slower  rate,  after  the  deposition  of  more  than  one  monolayer  of  Cs. 

The  core  level  shifts  of  the  overlayer  atoms  were  found  to  reflect 
the  change  of  surface  dipole  potential.  The  core  shifts  observed  in 
experiments  where  the  GaAs  surface  is  subjected  to  alternating  Cs-oxygen 
treatments  revealed  that  each  Cs  recesiation  is  capable  of  achieving  the 
same  surface  work  function  irrespective  of  the  thickness  of  the  0-GaAs 
layer  built  up  by  oxygen  exposures  and  Cs  treatments. 

The  results  of  this  work  also  suggest  the  important  considerations 
for  co-adsorption  studises  -  in  the  system  we  have  studied,  the  interac¬ 
tion  between  adsorbates  influence  the  adsorbate-substrate  interaction 
and  vice  versa;  neglect  of  any  of  the  interactions  would  lead  to  failure 
of  understanding  the  problem. 
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5.8  APPENDIX 


For  the  purpose  of  reference  ue  have  calculated  the  standard  free 
energies  of  reaction  of  adding  cesium  to  various  oxides.  Results  are 
listed  in  table  3.  Thermodynamical )y,  those  reactions  are  most 
probable  in  which  -AG  are  largest.  As  have  been  discussed  in  the  text* 
before  the  second  Cs  treatment,  the  surface  is  oxidized  to  contain 
Ga203,  As203,  and  one  type  of  cesium  oxide  which  is  known  definitely  to 
have  lower  oxygen  content  than  Cs20«. 

Table  A1  therefore  suggests  the  following  most  probable  sequence 
of  reduction  reactions  by  the  second  and  the  third  Cs  treatments: 


Cs203  -*  Cs202  .  Cs202  -*  Cs20  ,  AsjOj  ■*  As  +  Cs20 
Cs20  -*  Cs30 

If  Cs203  was  indeed  the  starting  point  of  the  reduction  reaction, 
the  amount  of  Cs  supplied  by  the  second  Cs  treatment  would  be  enough 
to  proceed  at  least  to  the  second  step  in  the  above  sequence.  The 
amount  of  Cs,  however,  is  not  the  reason  that  we  do  not  observe  the 
above  reaction  sequence  (with  the  exception  of  02'1  to  0"*)  —  as  has 
been  discussed  in  the  text,  the  tailing  emission  on  the  high  binding 
energy  side  of  the  Cs-4d3/2  level  (curve  e,  fig.  67),  which  also 
appeared  after  deposition  of  monolayer  Cs  on  c I ean  GaAs,  suggests  that 
there  are  actually  excess  or  unreacted  Cs  in  the  over  layer  after  each 
recesiation.  Other  kinematic  barriers  may  exist,  or  the  0-GaAs  bonding 
complex  formed  is  a  surface  oxide  involving  Ga-O-As  bridge  bonds  which 


may  be  more  stable  than  As203 


TABLE  12 

Heats  of  formation  and  free  energies  of  reaction  of  adding  Cs  to 

various  oxides 


Reactions  -AH  -AG 

(kcal/mole)  (kcai/mole) 


reactions  uith  cesium  oxides  * 


1 

3 

CszO* 

+ 

2 

Cs 

4 

Cs203 

72.2 

67.  1 

2 

Cs20* 

+ 

2 

Cs 

2 

Cs202 

68.0 

63.9 

3 

1/3 

cs2o. 

+ 

2 

cs 

4/3 

Cs20 

59.8 

55.3 

4 

2 

Cs203 

+ 

2 

Cs 

3 

Cs202 

66.2 

62.4 

5 

Cs202 

+ 

2 

Cs 

•* 

2 

Cs20 

55.6 

53.0 

6 

2 

Cs20 

+ 

2 

Cs 

2 

Cs30 

24.2 

18.5 

reactions  uith 

gal  1 ium  oxide  1 

7 

4/3 

Ga203 

+ 

2 

Cs 

8/3 

Ga  +  Cs20» 

-221 

-224 

8 

Ga203 

2 

Cs 

2 

Ga  +  Cs  2  0  3 

-148 

-151 

9 

2/3 

Ga203 

+ 

2 

Cs 

4/3 

Ga  +  Cs202 

-76 

-80 

10 

1/3 

Ga203 

♦ 

2 

Cs 

2/3 

Ga  +  Cs20 

-10 

-13 

reactions  uith 

arsenic  oxides  z 

11 

4/3 

As203 

*► 

2 

Cs 

8/3 

As  +  Cs20« 

-84 

-91 

12 

As203 

+ 

2 

Cs 

2 

As  +  Cs203 

-45 

-52 

13 

2/3 

As203 

+ 

2 

Cs 

4/3 

As  +  Cs202 

-8 

-13 

14 

1/3 

As203 

♦ 

2 

Cs 

-* 

2/3 

As  +  Cs20 

24 

20 

15 

2 

AS20j 

+ 

2 

Cs 

2 

As203  +  Cs20h 

-0.5 

-0.6 

16 

3/2 

As205 

+ 

2 

Cs 

3/2 

As203  +  Cs203 

17.7 

16.3 

17 

As20s 

♦ 

2 

Cs 

*♦ 

As203  +  Cs202 

33.8 

31.7 

18 

1/2 

As20s 

+ 

2 

Cs 

-4 

1/2 

As203  +  Cs20 

44.7 

42.4 

19 

4/5 

as20, 

4* 

2 

Cs 

-4 

8/5 

As  +  Cs20* 

-51 

-55 

20 

3/5 

As20j 

♦ 

2 

Cs 

6/5 

As  +  Cs203 

-20 

-25 

21 

2/5 

As20$ 

4* 

2 

Cs 

4/5 

As  +  Cs202 

8.8 

4.4 

22 

1/5 

As20j 

♦ 

2 

Cs 

2/5 

As  +  Cs20 

32.2 

28.7 

1.  Ref.  15  2.  Ref.  16 


26 


REFERENCES 


1.  W.  E.  Spicer,  Appl.  Phys.  12.  115(1977) 

2.  M.  Erbudak  and  B.  Reihl,  Appl.  Phys.  Lett.  33.  584(1978);  0.  T. 
Pierce,  5.  C.  Wang  and  R.  J.  Celotta,  Appl.  Phys.  Lett.  35, 
220(1979) 

3.  see  Chapter  111 

4.  see  Chapter  IV 

5.  see  Chapter  VI 

6.  P.  E.  Gregory  and  W.  E.  Spicer,  Phys.  Rev.  B  12,  2370(1975) 

7.  A.  J.  von  Bommel  and  J.  E.  Crombeen,  Surf.  Sci.  45.  308(1974); 
Surf.  Sci.  SJj.  109(1976) 

8.  A.  Ya.  Mityagin,  V.  0.  Orlov,  V.  V.  Panteleev,  K.  A.  Khronopulo, 
and  N.  Ya.  Cherevatski i »  Soviet  Phys. -Solid  State,  14,  623(1973) 

9.  H.  J.  Clemens,  J.  V.  Mienskouski  and  M.  Mooch,  Surf.  Sci.  78, 
648(1978) 

10.  Pianetta  et.  al .  have  shoun  that,  by  assuming  reasonable  values  of 
escape  depth  for  photoel ectrons  excited  by  100  eV  photon,  a 
monolayer  oxygen  coverage  on  GaAs(IIO)  is  obtained  when  the  shifted 
and  the  unshifted  As-3d  have  about  equal  strength.  P.  Pianetta,  I. 
Lindau,  C.  M.  Garner  and  W.  E.  Spicer.  Phys.  Rev.  B  18,  2792(1978) 

11.  see  Appendix  B  of  Chapter  III 

12.  see  Appendix  A  of  Chapter  III  68203 

13.  J.  Oerrien,  F.  Arnaud  d'Avitaya,  and  M.  Bienfait,  Solid  State 

Commun.  UL  557(1976);  Surf.  Sci.  668(1977) 

14.  0.  J.  Barton,  U.  A.  Goddard  III  and  U.  E.  Spicer,  J.  Vac.  Sci. 
Technol .  Jju  1178(1979) 

15.  W.  Heiman,  E.-L.  Hoene,  S.  Jeric,  and  E.  Kansky,  Exper.  Tech. 

Phys.  IL.  193-207,  325-341,  431-436(1973) 

16.  0.  Kubascheuski  and  C.  B.  Alcock,  Metallurgical  Thermochemistry,. 

5th  ed.,  Pergmon  Press,  N.  Y.,  1979 


262  - 


17.  I.  Lindau,  P.  Pianetta,  U.  E.  Spicer,  P.  E.  Gregory,  C.  M.  Garner 
and  P.  M.  Chye,  J.  Electr.  Spectr.  Related  Phenom  13.  155(197$) 

18.  G.  Ebbinghaus,  U.  Braum,  A.  Simon  and  K.  Berresheim,  Phys.  Rev. 

Lett.  1770(1976) 

19.  A.  Simon,  in 

.us  Structure  and  Bonding  36  pp.  81(Springer,  N.  Y.,  1979) 

20.  M.  K.  Bahl ,  R.  0.  Woodall,  R.  L.  Watson  and  K.  J.  Irgolic,  J.  Chem. 
Phys.  Mt  210(1976) 

21.  J.  W.  Gazuk,  Phys.  Rev.  B  lit  2267(1976) 

22.  J.  C.  Fuggle  and  0.  Menzel ,  Surf.  Sci.  53.  21(1975) 

23.  G.  M.  Gobli  and  F.  G.  Allen,  chap  11  in  Semiconductors  and 
Semimetals  vol.  2,  Academic  Press,  1966 

24.  P.  £.  Gregory  and  W.  E.  Spicer,  J.  Appl .  Phys.  47.  510(1976) 

25.  J.  J.  Uebbing  and  L.  W.  James,  J.  Appl.  Phys.  41 ,  4505(1970) 

26.  0.  G.  Fisher,  R.  E.  Enstrom,  J.  S.  Esher,  and  B.  F.  Williams,  J. 

Appl.  Phys.  42^  3815(1972) 


-  263  - 


Chapter  VI 


PHOTOELECTRON  SPECTROSCOPIC  DETERMINATION  OF  THE  STRUCTURE  OF  (CS.O) 

ACTIVATED  GAAS(IIO)  SURFACES 

6. 1  INTRODUCTION 

Negative  electron  affinity  (NEA)  refers  to  the  condition  that  the 
vacuum  level  at  the  surface  of  a  semiconductor  lies  below  the  conduction 
band  minimum  in  the  bulk.  The  first  NEA  condition  was  demonstrated  on 
p-type  GaAs  by  Scheer  and  Van  Laar  Ml  by  treating  vacuum  cleaned  (110) 
surfaces  with  Cs.  Later  Turnbull  and  Evans  [21  have  demonstrated  that 
even  louer  vacuum  level  and  greater  stability  in  photoemissive  yields 
can  be  obtained  by  applying  Cs  and  0  alternately  on  GaAs  (110)  surfaces. 
Since  these  initial  discoveries,  extensive  attempts  have  been  made  to 
achieve  the  NEA  condition  on  other  III-V  semiconductors  uith  narrouer 
band  gaps  than  GaAs  [3.4.51.  The  driving  force  has  been  to  find  high 
efficiency  photocathodes  for  a  number  of  IR  systems  at  wavelengths  near 
or  longer  than  1  pirn  (61.  Photocathodes  used  in  the  current  generation 
of  night-vision  image  intensifiers  are  (Cs.O)  activated  GaAs.  The 
GaAs-(Cs.O)  cathodes  also  find  extensive  use  as  sources  of  spin  polar¬ 
ized  electrons  [81. 

Despite  the  sucessful  development  of  the  NEA  photocathode  technology 
[31.  fundamental  understanding  of  the  lowering  of  the  potential  barrier 
at  the  semiconductor  surface  by  (Cs.O)  treatment  has  been  lacking.  The 
method  of  (Cs.O)  treatment,  the  so-called  "yo-yo"  technique  I3-5J,  has 


264  - 


so  far  remained  empirical .  The  overall  quantum  yield  of  a  photocathode 
can  be  analyzed  in  terms  of  the  3-step  model  of  photoemission  developed 
by  Spicer  19,10]  and  the  final  step  in  such  analysis  involves  the  sur¬ 
face  potential  barrier  which  is,  in  part,  determined  by  the  nature  of 
the  (Cs,0)  activating  layer.  Two  different  types  of  surface  potential 
barrier  have  been  proposed  and  both  types  have  successfully  accounted 
for  the  experimental  spectral  yield  data  for  NEA  photocathodes  with  a 
wide  range  of  band  gaps.  The  nature  of  the  two  types  of  barrier,  how¬ 
ever,  is  qualitatively  distinct  from  each  other.  In  the  dipole  model 
[11-13],  the  surface  potential  barrier  is  determined  by  a  dipole  layer 
with  a  width  of  one  or  two  atomic  layers.  In  the  hetero junction  model 
13,6,14-16],  the  major  escape  barrier  is  determined  by  the  heterojunc¬ 
tion  between  the  n-type  semiconducting  Cs20  and  the  III-V  compound  sub¬ 
strate;  the  hetero junction  height  also  controls  the  band  bending  in  Cs20 
and  hence  the  position  of  the  vacuum  level  at  the  final  Cs20  surface, 
which  is  another  factor  in  determining  the  surface  escape  probability. 
The  major  consequence  of  the  above  difference  between  the  two  models  is 
that  the  hetero junction  model  predicts  limitation  of  extending  the  high 
yield  threshold  below  1.2  eV  by  using  narrow  band  gap  III  — V  compounds, 
whereas  such  limitation  is  not  clearly  predicted  by  the  dipole  model. 
The  findings  of  Uebbing  and  James  115,17]  that,  for  example,  on  acti¬ 
vated  GaSb  the  high  yield  threshold  is  set  by  a  value  higher  than  the 
band  gap  of  GaSb,  appears  to  support  the  existence  of  an  "interfacial 
barrier".  Such  findings  have  prompted  the  development  of  the  (field-as¬ 
sisted)  transfer-electron  photocathodes  [18]  where  escape  of  photoelec¬ 
trons  into  vacuum  originates  from  valleys  of  the  conduction  band  lying 
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at  energy  higher  than  the  T  point  (the  lowest  energy  valley  of  the  con¬ 
duction  band  of  all  direct-gap  III-V  compounds).  The  physical  origin  of 
the  interfacia!  barrier,  however,  has  not  been  identified  and  possible 
improvement  of  non-transfer  type  photocathodes  has  not  been  successfully 
pursued. 

Clark  119]  has  attempted  to  provide  a  more  general  theoretical  basis 
for  possible  types  of  activating  layer.  After  showing  that  a  Mott 
transition  occurs  in  amorphous  Cs2*x0  at  *  e  0.1,  a  wide  range  of  expe¬ 
rimental  results  on  Cs-0  activation  layer  on  III-V  semiconductor  were 
explained  in  terms  of  either  the  Schottky  or  the  hetero junction  mode  of 
activation. 

The  relevance  of  the  unifying  theoretical  picture  of  Clark,  as  well 
as  the  resolution  of  the  disputes  between  the  two  models,  clearly 
requires  experimental  data  other  than  yield  measurements.  A  few  compos¬ 
itional  and  structural  studies  have  been  made  in  the  past.  Sommer  et. 
al  .  [11],  using  atomic  absorption  analysis,  have  determined  the  Cs  con¬ 
tent  in  the  Cs-0  activation  layer  on  GaAs,  to  be  4.7  monolayer  (1  mono- 
layer  =  4x10t'*  atoms/cm2).  The  oxygen  content,  however,  cannot  be 
determined  in  the  atomic  absorbtion  analysis,  hence  the  suggestion  of 
the  4.7  monolayer  Cs  being  equivalent  to  1  monolayer  of  Cs  plus  one  mon¬ 
olayer  of  CS2O  by  Sommer  et.  a!.  Ill]  requires  further  justification. 
Goldstein  [201  has  made  IEED,  AES,  and  thermal  desorption  studies  of 
Cs-0  activating  layer  on  GaAs  (111)  and  (100)  surfaces.  The  major  find¬ 
ings  of  this  work  are  that  the  (Ca,0)  activation  layer  is  disordered  and 
that  there  is  no  clear  correlation  between  photoemission  sensitivity  and 


the  amount  of  Cs  and  0  adsorbed.  Mash  desorption  has  shown  that  0 


desorbs  after  desorption  of  Cs  is  completed.  Similar  studies  have  also 
been  made  by  Stocker  (211.  The  major  concern  in  Stocker's  work  is  the 
understanding  of  a  two-stage  activation  process.  In  a  two-stage  process 
the  initial  "yo-yo"  activation  is  followed  by  heating  to  elevated  temp¬ 
eratures  (5204C-550°CI  and  a  second  activation;  the  second  activation 
normally  gives  30J4  higher  photoemission  sensi ti vi ty ( 2 1 , 22 1 .  To  date  the 
highest  reflection  yield  reported  on  activated  GaAs  was  obtained  by  the 
two-step  activation  process  (221.  Stocker  (211  found  that  the  heating 
prior  to  the  second  activation  desorbs  nearly  all  Cs  in  the  activating 
layer  and  causes  no  change  in  the  amount  of  oxygen.  Gregory  and  Spicer 
(231  have  compared  UPS  spectra  (hv<11.6eV)  of  thick  cesium-oxide  film 
with  those  of  Cs-0  activation  layer  on  GaAsUIO)  surfaces.  There  they 
found  no  similarity  between  the  Cs-0  activation  layer  achieving  the  NEA 
condition  and  thick  cesium  oxides. 

The  structural  and  compositional  studies  reviewed  above  point  to  a 
picture  much  more  complicated  than  models  based  on  yield  measurements. 
The  result  of  Goldstein  (201  and  Stocker  (211  of  disordered  CCs.O)  acti¬ 
vation  layer  does  give  some  support  to  Clark's  picture  of  an  amorphous 
activating  layer.  The  existence  of  suboxides,  CS2**0,  however,  can  be 
questioned  by  comparing  the  photoemission  studies  of  bulk  suboxides  by 
Ebbinghaus  et.  al .  124]  with  the  results  of  Gregory  and  Spicer  (231.  A 
more  serious  implicit  assumption  common  to  all  early  studies  is  the 
inertness  of  III-V  substrates  in  the  Cs-0  reaction,  although  the  desorp¬ 
tion  results  of  Goldstein  (201  and  the  two-stage  activation  results  of 
Stocker  (211  clearly  require  invoking  oxygen-GaAs  bonding. 
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We  have  recently  performed  photoelectron  spectroscopic  studies  of  the 
interaction  of  Cs  and  oxygen  with  GaAs(IIO)  surfaces  (25,261;  in  those 
non-activation  experiments  (i.e.,  Cs  and  oxygen  were  applied  to  GaAs 
surfaces  without  following  the  yo-yo  procedure)  we  were  able  to  deter¬ 
mine  several  properties  to  be  considered  fundamental  to  the  (Cs,0,GaAs) 
system,  the  most  important  one  being  perhaps  the  drastically  enhanced 
rate  (10*  times)  of  bonding  of  oxygen  to  GaAs  with  the  presence  of  Cs 
which  questions  the  assumption  of  the  inertness  of  the  GaAs  substrate  in 
the  activation  process.  More  of  these  fundamental  properties  will  be 
summarized  in  section  3  after  describing  experimental  details  in  section 
2.  In  this  work  we  have  performed  photoelectron  spectroscopic  measure¬ 
ments  on  GaAs(IIO)  surfaces  activated  to  known  white  light  sensitivity. 
The  results  of  such  experiments  are  compared  to  the  fundamental  proper¬ 
ties  concluded  from  the  non-activation  experiments  and  a  new  physical 
model  of  the  activated  GaAs  surface  will  be  given  (section  4).  As  a 
by-product  of  this  study,  we  have  also  found  contaimination  of  the  acti¬ 
vation  layer  by  OH  ion  and  we  will  discuss  its  effect  on  the  activated 
surface  in  section  5. 

6.2  EXPERIMENTAL 

Experiments  were  performed  in  a  standard  stainless-steel  ultra  high 
vacuum  chamber  with  a  base  pressure  of  3-5xl0'n  torr.  Energy  analyses 
of  the  photoelectrons  were  performed  by  a  double-pass  cylindrical  mirror 
analyzer  (Physcial  Electronics).  Light  sources  used  were  monochroma- 
tized  He-I  (21.2  eV)  and  He-II  (40.8  eV)  radiation  from  a  differentially 
pumped  discharge  lamp. 
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Samples  used  were  Zn-doped  1.4x1018  cm*3  p-typc  GaAs.  The  doping 
concentration  and  the  quality  of  the  crystal  may  not  be  that  used  to 
make  optimum  NEA  photocathodes.  Cs  vapor  uas  supplied  either  by  chan¬ 
nels  or  by  metallic  source  with  no  systematic  difference  in  the  final 
photoemission.  It  uas  found,  however,  easier  to  obtain  activated  sur¬ 
faces  with  metallic  source,  hence  the  major  part  of  this  type  of  studies 
uas  made  with  metallic  Cs  source.  Preparation  and  arrangement  of  the 
metallic  Cs  source  have  been  described  elsewhere  127).  The  copper  side 
arm  used  in  ref.  27  uas  replaced  by  a  glass  tube,  with  Cs  sealed  off  in 
one  end  of  the  tube.  The  source  warmed  to  45°C  to  give  a  controllable 
rate.  For  ease  of  control,  oxygen  exposures  were  made  with  ion  pump 
only  partially  valved  off,  and  oxygen  pressures  were  maintained  at 
2x10*’  torr  over  a  base  pressure  of  5x10*’ *  torr.  Two  types  of  "yo-yo" 
techniques  were  used.  In  one  case  the  Cs  and  oxygen  were  applied  alter¬ 
nately  to  peak  the  white  light  sensitivity.  (In  order  to  obtain  a  well 
defined  peak  in  the  white  light  sensitivity,  Cs  or  0  flux  were  in  prac¬ 
tice  terminated  after  the  sensitivity  dropped  5X-105J  below  the  peak 
value).  In  the  other  case,  Cs  flux  uas  mainained  continuously  during 
the  whole  activation  procedure,  and  0  was  applied  on  and  off  to  peak  the 
white  light  sensitivity.  No  systematic  difference  was  found  between  the 
two  techniques  of  activation.  A  calibrated  tungsten  light  source  oper¬ 
ated  at  “2800®K  and  focused  to  2mm  diameter  was  used  to  measure  the 
white  light  sensitivity. 


-  269  - 


6.3 


In  an  earlier  study  of  co-adsorption  of  Cs  and  oxygen  on  the 
GaAstllO)  surface  (Chapter  III),  ue  have  considered  the  follouing  prob¬ 
lems:  (1)  how  does  the  presence  of  Cs  (monolayer  or  sub-monolayer  cov¬ 
erages)  on  the  GaAs  surface  change  the  oxygen  adsorption  properties  of 
GaAs(IIO),  (2)  hou  does  the  presence  of  the  GaAs  substrate  influence  the 
oxidation  properties  of  the  Cs  overlayer,  and  (3)  hou  does  the  Cs-oxygen 
interaction  depend  on  the  Cs  coverage.  Important  results  from  that 
study  that  are  relavent  to  the  activation  of  GaAs  surfaces  are  summa¬ 
rized  be] ou: 

i)  The  rate  of  oxygen  bonding  to  GaAs  is  enhanced  by  at  least  107 
times  in  the  presence  of  one  monolayer  (4.6x10"  atoms/cm2)  of 
Cs 

ii)  With  one  only  one  monolayer  Cs  on  GaAs(llO)  surfaces,  no  oxygen 
can  be  incorporated  into  the  Cs  layer  for  oxygen  exposure  belou 
10  li  the  only  oxygen  species  that  can  be  incorporated  into  the 
Cs  layer  (one  monolayer  or  less)  is  not  0*2,  the  oxygen  species 
contained  in  cesium  suboxide,  but  is  a  non-dissociated  oxygen 
species.  Ue  notice  that  in  a  normal  activation  procedure  the 
total  oxygen  exposure  is  no  more  than  10  L  (4,5,10,11,211. 

iff)  with  only  about  two  to  three  monolayers  of  Cs  on  GaAs(IIO)  the 
oxidation  of  the  Cs  overlayer  becomes  similar  to  that  of  bulk 
Cs,  i.e.,  O'2  can  be  stablized  in  the  Cs  layer  at  lou  exposure, 
and  other  oxygen  species  in  Cs,  such  as  O*'2,  and  O2',  also 
occur  at  high  oxygen  exposures. 
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iv)  Oj*1  in  Cs,  if  formed. can  be  reduced  to  0‘2  by  fresh  Cs  treat¬ 
ment;  0*'  can  be  formed  only  uith  the  presence  of  more  than  tuo 
monolayers  of  Cs  and  oxygen  exposures  klOO  L.  This  result, 
together  uith  (ii),  suggests  that  O'1  is  the  only  species  in  Cs 
to  be  considered  for  a  GaAs  surface  activated  uith  (Cs.O)  yo-yo 
treatment. 

v)  uith  the  presence  of  more  than  tuo  monolayers  of  Cs  on  GaAs, 
the  bonding  of  oxygen  to  GaAs  still  continues  (although  at  a 
slower  ratethan  uith  only  one  monolayer  of  Cs). 

The  most  important  implication  of  the  above  results  from  the  non-activa¬ 
tion  experiments  is  that  0-GaAs  bonding  should  play  an  important  role  in 
the  activation  of  GaAs  surfaces,  which  has  been  ignored  in  all  previous 
uork.  The  specific  conditions  under  which  these  implication  is  applica¬ 
ble  to  surfaces  activated  uith  yo-yo  technique  will  be  the  subject  of 
the  rest  of  this  paper. 

6.4  RESULTS  AND  01SUSSI0N  -  MODEL  OF  THE  (CS.O)  ACTIVATED  GAAS(IIO) 
SURFACE  PREPARED  BY  THE  "YO-YO"  TE.CHHIOUE 

Activation  of  GaAsUIO)  surfaces  with  conventional  "yo-yo"  techniques 
have  been  attempted.  As  has  been  mentioned  in  the  Introduction  section, 
it  is  difficult  to  quantitatively  specify  the  activation  process. 
Therefore  by  no  means  can  ue  suggest  the  composition  and  structure 
determined  here  for  our  activated  surfaces  to  be  exactly  applicable  to 
the  typical  activated  surfaces  obtained  in  other  laboratories.  The  small 
oxygen  exposures  and  the  repeated  Cs  treatments  are,  however,  closer  to 
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the  conditions  common  to  most  yo-yo  processes  than  the  extreme  condi¬ 


tions  studied  in  our  non-activation  experiments  (sec.  3).  Therefore  the 
activated  surfaces  studied  here  in  conjunction  uith  the  fundamental 
properties  concluded  from  the  non-activation  experiments,  which  we  have 
summarized  in  section  3,  do  offer  general  understanding  of  the  "yo-yo" 
technique. 

Discussion  in  this  section  will  be  divided  into  two  subsections:  Pho¬ 
toelectron  spectra  obtained  on  typical  activated  surfaces  will  first  be 
analyzed  and  the  qualitative  ingredients,  as  well  as  semiquanti tati ve 
estimates  of  several  parameters,  of  the  model  of  activated  surfaces  will 
be  given  (4.1).  Some  implications  of  the  new  model  will  be  discussed  in 
4.2. 


6.4.1  The  ftodel 

The  ohotoelectron  spectra 

In  the  lower  curve  of  fig.  72,  we  show  the  He-II  (hv=40.8  eV)  spec¬ 
trum  of  a  p-GaAs(HO)  surface  activated  uith  (Cs.O)  to  have  white  light 
sensitivity  of  880  uA/1 •  This  spectrum  is  typical  of  several  surfaces 
activated  to  have  comparable  sensitivity.  Although  the  8S0  pA/I  white 
light  sensitivity  is  less  than  half  of  the  highest  value  observed  to 
date,  it  is  achievable  only  if  the  NEA  condition  is  reached  (NEA  condi¬ 
tion  is  reached  if  white  light  sensitivity  is  MOO  p.A/1  1201).  The  rel¬ 
atively  low  value  of  the  white  light  sensitivity  could  be  caused  by 
non-optimum  choices  of  doping  concentration,  which  influences  the  band 
bending  and,  to  less  extent,  the  diffusion  length  of  electrons,  and  the 
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quality  of  crystal  which  settiously  influences  the  diffusion  length. 
These  bulk  properties  of  GaAs  are  not  of  concern  here. 

There  are  two  major  0-2p  related  features  in  the  energy  distribution 
curve  (EOC)  obtained  on  activated  surface:  Peak  la  at  3.3  eV  below  VBM 
and  peak  1b  at  -4.6  eV  below  VBM.  (There  are  also  two  weak  peaks.  2  and 
3,  at  -5.0  eV  an  "9.0  eV  below  VBM,  respectively.  They  are  due  to  minor 
OH  contanmination  which  will  be  ignored  here;  vmo re  discussion  of  the 
role  of  OH*  will  be  given  in  section  5.) 

Peak  1  can  be  attributed  to  O'2  ion,  which  has  a  single  0-2p  related 
feature  in  the  photoemission  spectrum  127].  The  binding  energy  of  peak 
1  is  1.1  eV  higher  than  that  observed  for  o*2  ions  in  bulk  Cs  [271.  As 
explained  in  our  earlier  paper  on  the  non-activation  experiments  [261, 
since  adsorption  of  Cs  and  oxygen  often  produce  large  change  in  the 
dipole  potential  across  the  overlayer,  energy  levels  associated  with  the 
overlayer  atoms  which  ride  on  the  dipole  potential  may  not  have  a  con¬ 
stant  binding  energy  referenced  to  the  Fermi  level.  Further  justifica¬ 
tion  of  the  assignment  of  peak  1  to  O'*  will  he  seen  below  (fig.  77) 
where  we  observe  the  BE  of  the  0-2p  of  0*2  ion  in  a  thick  Cs  film  on 
GaAs  gradually  move  from  2.7  eV  below  the  Fermi  level  (the  value 
observed  for  06umin.2  in  bulk  Cs  [271)  to  higher  BE  as  the  photoemission 
sensitivity  of  that  surface  increases  due  to  the  adsorption  of  CH*. 

Peak  1b  is  assigned  to  oxygen  bonded  to  GaAs.  Crude  decomposition  of 
the  EOC  and  comparison  with  the  spectrum  of  oxygen  adsorbed  on  bare 
GaAs(IIO)  (the  upper  curve  of  fig.  72)supports  this  assignment.  Sepa¬ 
rate  heating  experiments  done  on  unsuccessfully  activated  surfaces  bet¬ 
ter  reveal  the  0-GaAs  bonding.  In  fig.  Cheat.,  we  show  the  EDC's  of  a 
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Figure  72:  The  Ke-II  spectrum  of  a  typical  activated  p-GaAs  surface 
(the  lower  curve)  compared  to  the  He-II  spectrum  of  a  bare  GaAs  surface 
exposed  to  10*  l  oxygen  (the  upper  curve) 


p-GaAs(IIO)  surface  activated  to  280  nA/l  sensitivity  (the  lower  curve) 
and  after  heating  at  385*C  for  10  min.  (the  upper  curve).  In  the  EOC 
before  heating  ue  see  a  small  shoulder  at  -3.0  eV  below  VBM  due  to  0'z 
and  a  pair  of  strong  peaks  due  to  OH*.  As  will  be  explained  later,  the 
low  sensitivity  is  due  to  excess  OH  adsorbed.  After  heating,  the  major¬ 
ity  of  the  Cs  atoms  in  the  activation  layer  desorbs  as  evidenced  by  the 
decrease  in  the  intensity  of  the  Cs-5p  levels.  0-2p  related  features 
due  to  0*z  and  OH*,  which  are  associated  with  Cs,  disappear  completely 
after  heating;  the  broad  0-2p  peak  revealed  after  heating  is  character¬ 
istic  of  oxygen  bonded  to  GaAs. 

Ue  thus  have  confirmed  that  GaAs  surfaces  activated  with  (Cs,0)  yo-yo 
treatments  contain  both  oxygen  bonded  to  GaAs  and  O'2  incorporated  in 
Cs.  This  is  expected  from  the  findings  of  the  non-activation  experi¬ 
ments  (sec.  3)  -  the  yo-yo  process  does  not  introduce  any  peculiar 
behavior  that  is  inconsistent  with  the  fundamental  properties  governing 
the  interaction  of  (Cs,0,GaAs).  We  have  therefore  found  two  essential 
qualitative  ingredients  of  the  activated  surface:  0-GaAs  bonding  layer 
and  (Cs*,0*z)  layer.  Such  a  model  is  depicted  in  fig.  74(a).  The 
0-GaAs  layer  is  shown  in  fig.  74(a)  to  contain  Ga-0-As=0  bonding  com¬ 
plex  which  is  the  bonding  configuration  proposed  for  oxygen  adsorbed  on 
bare  GaAs(ltG)  surfaces  {28],  A  Cs*-0*z-Cs*  sandwich  structure  is  pro¬ 
posed  for  the  (Cs*,0*z)  layer;  this  is  because  0*z  is  highly  unstable 
(6.5  eV  unstable  v.ith  respect  to  neutral  0  atom)  and  requires  positive 
ions  on  both  sides  to  provide  a  large  stablizing  electrostatic  energy. 
Thickness  of  the  individual  layer  is  estimated  in  below. 


275  - 


BINDING  ENERGY  (eV) 


Figure  73:  EDO's  of  an  unsuccessful) y  activated  p-GaAs(UO)  surface 
before  and  after  heating  at  385*0  for  10  min. 
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Figure  74 :  Structural  modal  typical  activated  GaAs  surfaces  (a)  and  the 
corresponding  potential  profile  (b) 


Semiciuanti  tative  Estimates  of  the  Structural  and  Comoosi tional 


Parameters  of  Typical  Activated  Surfaces 

Semi-quantitative  estimates  of  a  few  structural  and  compositional 
parameters  of  typical  activated  surfaces  can  be  done  in  the  following 
ways : 

i)  The  thickness  of  the  (Cs*,0'z)  layer  can  be  estimated  from  the 
ratio  of  the  intensity  of  the  Ga-3d  before  activation  to  that 
after  activation  (which  has  contribution  from  both  the  GaAs 
substrate  and  the  0-GaAs  layer).  Such  ratio  ranges  from  0.25 
to  0.14  for  typical  activated  surfaces  (sensitivity  2680pA/l); 
by  assuming  an  escape  depth  of  -5  A  (corrected  for  the  geometry 
of  the  energy  analyzer)  for  photoelectrons  originated  from  the 
Ga-3d  level,  the  thickness  of  the  (Cs*,0'z)  layer  is  found  to 
range  from  7-10  A. 

ii)  The  amount  of  Cs  atoms  can  be  estimated  from  the  intensity  of 
the  Cs-5p  levels  of  activated  surfaces  normalized  to  that  of  an 
oxidized  monolayer  Cs  (i.e.  a  monolayer  Cs  on  GaAs(llO)  exposed 
to  200  L  oxygen).  Such  normalized  intensity  for  a  few  typical 
activated  surfaces  studied  here  ranges  from  1.7  to  2.3.  To 
translate  these  intensities  into  numbers  of  Cs  atoms,  certain 
assumption  about  the  structure  of  the  (Cs*,0*2)  layer  must  be 
made.  Ue  have  assumed  the  sandwich  structure  shown  in  fig.  74 
in  which  the  second  layer  of  Cs  atoms  are  at  an  overage  dis¬ 
tance  of  -6  A  away  from  the  first  layer.  (This  is  consistent 
with  the  sandwich  structure,  knowing  the  ionic  radius  of  0*: 
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to  be  1.45  A  and*,0'2hat  of  Cs*  to  be  1.67  A,  and  the  7-10  A 


overall  thickness  of  the  Cs-0  over  layer.)  If  we  assume  the  num¬ 
bers  of  Cs  atoms  on  the  two  sides  of  the  O’2  are  equal,  the 
number  of  Cs  atoms  is  estimated  to  be  1.6-2.3x1015  atoms/cm2  C 
3.5  to  5  equalevant  monolayers  one  mono!ayer=  4.6x10,,, 
atoms/cm2).  If  we  assume  that  the  number  of  Cs  atoms  on  the 
GaAs  side  of  the  O'2  ion  is  twice  of  that  on  the  vacuum  side 
(for  reasons  to  be  discussed  below),  the  number  of  Cs  atoms  is 
seen  to  be  about  1.4-2.  IxlO1*  atoms/cm2  (3-4.5  equivalent  mono¬ 
layers).  As  an  estimate  we  have  simply  put  the  number  of  Cs  to 
be  3-5  equivalent  monolayers  in  fig.  74.  This  number  is  in  rea¬ 
sonably  good  agreement  with  that  measured  by  Sommer  et.  al . 
1111.  Sommer  et.  al .  have  also  pointed  out  that,  if  we  assume 
that  the  packing  density  of  Cs*  ions  in  the  (Cs*,0'2)  layer  is 
the  same  as  that  in  CS2O,  it  requires  3.7  equivalent  monolayers 
of  Cs  to  complete  one  layer  of  Cs*-0’2-Cs*  [111.  Our  estimate 
of  the  number  of  Cs  atoms  then  implies  that  there  is  at  most 
one  layer  of  Cs*-0'2-Cs*  in  a  typical  activated  surface,  as  is 
shown  in  fig.  74. 

iii)  The  number  of  0*2  ions  is  difficult  to  assess;  nevertheless  it 
can  be  seen  in  the  crude  decomposition  in  the  lower  curve  of 
fig.  72  that  the  peak  due  to  O’2  is  at  most  half  as  intense  as 
that  rue  to  oxygen  in  the  0-GaAs  bonding.  We  therefore  simply 
put  the  upper  limit  of  the  number  of  O'2  ions  to  be  half  of  the 
oxygen  atoms  in  the  0-GaAs  layer;  The  number  of  oxygen  atoms  in 
the  0-GaAs  layer,  as  will  be  discussed  below,  is  i  1  monolayer 


279  - 


(one  monolayer  being  -*  1 0 * s  atoms/cm2  according  to  the  bonding 
model  proposed  in  reference  28),  hence  there  are  at  most  5x10’' 
O'2  ions  per  square  centimeter.  This  number  implies  that, 
based  on  (ii)  above,  there  are  Cs  in  excess  of  that  needed  by  a 
full  Cs+-0'2-Cs*  sandwich  layer. 

v)  The  number  of  oxygen  atoms  in  the  0-GaAs  layer  can  be  deter¬ 
mined  in  two  ways.  One  way  is  to  make  the  crude  decompositions 
of  the  EDO's  of  0-2p  of  activated  surfaces  as  that  shown  in  the 
lower  curve  of  fig.  72,  the  area  under  the  0-2p  of  oxygen  in 
0-GaAs  relative  that  under  the  Ga-3d  is  then  compared  to  the 
same  quantity  obtained  in  adsorbing  oxygen  on  bare  GaAs(llO) 
surfaces  where  the  oxygen  coverage  is  relatively  well  known 
128].  Estimates  made  in  this  way  give  0.7  -  1.0  monolayer  of 
oxygen  in  the  0-GaAs  layer  for  a  feu  typical  activated  surfaces 
(S=680  -  880  p.A/1 )  studied  here.  Another  way  of  estimate  is 
based  on  fig.  75,  where  we  have  shown  the  EDC's  of  a  monolayer- 
Cs-covered  GaAs(IIO)  surface  subjected  to  a  sequence  of  oxygen 
exposure  up  to  10  L  (dotted  curves)  and  a  GaAs(IIO)  surface 
exposed  to  -1010  L  excited  oxygen.  As  discussed  in  our  earlier 
paper  [26],  on  a  monolayer-Cs-covered  GaAs(llO)  surface  sub¬ 
jected  to  oxygen  exposure  smaller  than  10  L,  oxygen  bon  ‘s  only 
to  GaAs,  hence  the  EOC's  shown  in  fig.  72  do  not  suffere  from 
interference  by  emission  of  other  oxygen  species  and  direct 
comparison  with  the  E0C  of  oxygen  adsorbed  on  bare  GaAs(IIO)  is 
possible.  In  the  EOC's  shown  in  fig.  75,  peak  A  is  the  non¬ 
bonding  0-2p  and  peak  B  is  the  sp  hybrid  band  of  the  GaAs  sub¬ 
strate,  hence  the  relative  intensity  of  peaks  A  and  8  is  a 
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measure  of  the  amount  of  oxygen  bonded  to  GaAs. 


We  see  that 


the  amount  of  oxygen  bonded  to  GaAs  on  monol ayer-Cs-covered 
GaAs(IIO)  at  10  L  exposure  is  comparable  to  that  produced  by 
exposing  bare  GaAs  to  —  1 0 1 0  L  excited  oxygen,  which  was  deter¬ 
mined  to  be  approximately  0.8  monolayer.  The  total  oxygen 
exposure  in  our,  as  well  as  other's  14,5,10,11,21],  typical 
activation  procedure  is  less  than  10  l;  the  yo-yo  process 
applies  more  than  one  monolayer  Cs  to  the  GaAs  surface  and  the 
Cs  layer  is  capable  of  capturing  0'*,  therefore,  uith  the  same 
oxygen  exposure,  the  amount  of  oxygen  bonded  to  GaAs  is  less  in 
a  yo-yo  process  than  in  the  accumulative  adsorption  onto  mono- 
1 ayer-Cs-covered  surface.  We  thus  put  one  monolayer  as  the 
upper  limit  for  the  thickness  of  the  0-GaAs  layer  in  typical 
activated  surfaces. 


Potential  profile 

As  mentioned  in  the  Introduction,  an  important  part  of  understanding 
an  activated  surface  is  obtaining  the  profile  of  potential  barrier  for 
electron  escape  into  vacuum.  Such  a  profile  is  proposed  in  fig.  74(b) 
based  on  the  structural  inormation  we  have  obtained.  The  most  important 
feature  of  this  profile  is  the  seperation  of  the  dipole  potential  drop 
at  the  surface  into  two  parts:  dipole  A  across  the  0-GaAs  layer  and 
dipole  B  across  the  Cs^-O^-Cs*  layer.  Dipole  A  can  be  a  GaAs-O-Cs 
dipole  in  which  the  Cs  comes  from  the  Cs  in  excess  of  that  of  forming  a 
full  layer  of  Cs*-0*2-Cs*  (point  (iii)  in  the  "semiquantitative  esti- 
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Figure  75: 
monol ayer- 
exposures  up 


Comparison  of  the  oxygen  coverages  using  He-I  spectra  of  a 
Cs-covered  GaAs  surface  exposed  to  a  sequence  of  oxygen 
to  JO  L  and  a  bare  GaAs  surface  exposed  to  -JO10  L  excited 

oxygen 
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mates");  this  form  of  dipole  A  implies  a  GaAs-0-(Cs]-(Cs* ]-0‘2-Cs* 
overall  structure  (this  uas  the  reason  we  considered  the  case  of  a  2:1 
ratio  of  the  numbers  of  Cs  atoms  on  the  two  sides  of  O’2  in  point  (ii) 
of  the  "semiquanti tative  estimates").  Clark,  however,  has  argued  that 
such  a  structure  is  thermodynamical ty  unstable  against  homogenization 
into  Csz»x0  suboxide  layer  119],  which  would  then  suggest  a 
GaAs-O-CCs** x0)  structure.  Nevertheless  the  charges  forming  dipole  A 
have  to  be  supplied  by  excess  Cs  in  the  (Cs*,0'2)  layer.  Me  will  use 
the  notation  6aAs-0-| Cs] : l Cs* ]-0‘2-Cs  to  emphasize  the  existence  of  a 
GaAs-O-I Cs ]  dipole  as  far  as  charge  distribution  is  concerned,  but 
include  the  square  brackets  to  indicate  that  (Cs]  in  the  GaAs-0-[Cs] 
dipole  may  not  be  a  well  defined  layer  on  top  of  the  O-GaAs  layer.  Me 
should  also  note  that  argument  has  been  given  that  the  Cs*  and  O'2  ions 
would  favor  a  layer-like  arrangement  with  Cs:Cs  contact,  similar  to  that 
found  in  CszO  (13];  the  tendency  to  homogenize  exists  only  when  free 
electron  is  available  in  the  layer  as  is  the  case  for  bulk  cesium  subox¬ 
ides. 

Accepting  the  GaAs-O-l Cs ] :  [ Cs* 3-0'2-Cs*  structure,  dipole  B  can  be 
considered  to  result  from  a  net  polarization  of  electrons  in  the 
[Cs* l-0'2-Cs*  layer  toward  the  Cs:Cs  region,  as  has  been  discussed  by 
Fisher  et.  al.  [13]  based  on  the  experimental  finding  of  Tsai  et.  a). 
131].  (Without  the  net  polarization  the  ICs*]-0'2  dipoles  on  the  two 
sides  of  O'2  would  cancel  each  other.)  The  strength  of  dipoles  A  and  8 
cannot  be  determined  in  this  work.  Since  the  GaAs-0-[Cs]  dipole  is 
stronger  than  the  GaAs-Cs  dipole,  we  have  assumed  in  fig.  74 C b )  that  the 
GaAs-0-[Cs]  dipole  lowers  th  vacuum  level  to  SI. 4  eV,  the  cesiated  work 
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function  of  p-GaAs  1151#  above  the  Fermi  level.  The  final  work  function 
of  a  typical  (Cs,0)  activated  surface  is  *0.9  eV  113.15],  hence  the  net 
dipole  potential  drop  across  the  t Cs*  1-0' *-Cs  +  layer  is  £0.4  eV. 

Comparison  with  previous  models 

The  model  proposed  above  is  similar  to  the  double  dipole  model  pro¬ 
posed  by  Fisher  et.  al .  (131,  except  that  barrier  A  is  formed  by  the 
Cs-GaAs  dipole  in  their  model  whereas  it  is  formed  by  the  Cs-O-GaAs 
dipole  in  our  model.  The  importance  of  this  difference  is  that,  in  the 
model  of  Fisher  et.  al.,  the  width  of  dipole  A  can  at  most  be  the  ionic 
radius  of  Cs  (1.67  Al  and  is  negligible  [13].  In  our  model  the  width  of 
the  dipole  depends  on  the  thickness  of  the  0-GaAs  layer  and  is  estimated 
to  be  *4i  (As=0  bond  length  =  1.6  A  1281)  for  typical  activated  surfaces 
which  may  not  be  completely  transparant  to  electrons. 

A  double-barrier  model  has  also  been  suggested  by  Chen  [32]  based  on 
findings  from  the  (Cs,Q,U)  system:  the  first  barrier  between  the  GaAs 
substrate  and  the  (Cs,0)  overlayer  is  proposed  to  be  a  GaAs-O-lCs] 
dipole  similar  to  our  dipole  A,  and  the  second  barrier  between  the 
(Cs,0)  overlayer  and  vacuum  is  controlled  by  the  band  bending  through  a 
thick  n-type  Cs6d2.0,  the  same  as  that  assumed  in  the  hetero junction 
model.  The  suggstion  of  the  Cs-O-GaAs  dipole  is  physically  sound  and  is 
verified  by  this  work;  the  thick  n-type  CS2O,  however,  has  no  physical 
basis  in  light  of  the  present  finding. 

The  hetero junction  model  was  correct  in  predicting  a  barrier  above 
the  vacuum  level,  but  since  we  found  no  evidence  for  the  existence  of  a 
thick  CsjO  on  activated  surfaces,  the  model  was  wrong  in  identifying  the 
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hetero junction  between  CaAs  and  CS2O  as  the  interfacial  barrier  to  elec¬ 
tron  escape.  Rather,  the  semiconductor  substrate-oxygen  bonding  layer 
is  most  likely  to  be  the  origin  of  the  interfacial  barrier  revealed  in 
the  yield  measurements. 

6.4.2  Other  Implications  of  the  Model 

The  vo-yo  process 

The  nature  of  the  present  model  can  be  further  illuminated  by  consid¬ 
ering  the  conditions  for  obtaining  optimized  dipoles  A  and  B.  The  first 
Cs  treatment  of  the  yo-yo  procedure  lowers  the  work  fuction  of  p-GaAs  to 
-1.4  eV  as  mentioned  above.  The  oxygen  exposure  followed  introduces  a 
small  amount  of  oxygen  bonded  to  GaAs;  these  oxygen  atoms  reduce  the 
Cs-Cs  interaction  in  the  Cs  layer  [261  and  increase  the  effective  sepa¬ 
ration  of  a  Cs*  ion  and  its  valence  electrons  residing  in  the  GaAs  sub¬ 
strate.  The  work  function  is  thus  further  reduced.  The  reduction  in 
work  function  and  the  increase  in  yield  may  soon  slow  down  with  increas¬ 
ing  oxygen  exposure  because  increased  amount  of  oxygen  in  the  0-GaAs 
bonding  disorders  the  Cs  layer  which  reduces  the  effective  contribution 
of  individual  GaAs-0-[Csl  dipole.  The  disturbance  of  the  Cs  layer  caused 
by  the  0-GaAs  bonding,  however,  does  allow  higher  packing  density  of  Cs 
in  the  layer.  More  Cs  thus  can  be  deposited  and  the  yo-yo  process  con¬ 
tinues  on.  With  a  small  amount  of  oxygen  in  the  0-GaAs  layer  the  average 
separation  between  Cs  atoms  and  the  GaAs  substrate  is  increased,  but  is 
still  small  enough  (within  atomic  radius  of  Cs)  so  that  the  charge 
transfer  from  the  Cs  to  GaAs  is  not  reduced;  there  is  thus  a  net 
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increase  in  the  dipole  potential  (charge  density  x  charge  separation). 
At  such  small  Cs-GaAs  separation  the  degree  of  ionization  of  each  Cs 
atom  is  a  constant  determined  by  the  atomistic  properties  of  Cs.  At 
some  larger  Cs-GaAs  separation  the  dipole  potential  drop  from  GaAs  to 
the  Cs  layer  becomes  a  constant,  which  is  determined  by  the  difference 
in  the  affinity  of  electrons,  a  macroscopic  property,  of  the  Cs  layer 
and  the  GaAs  substrate.  In  this  range  of  Cs-GaAs  separation,  an  increase 
in  the  thickness  of  the  0-GaAs  layer  reduces  the  charge  transferred  from 
the  Cs  layer  to  the  GaAs  substrate  so  that  the  same  dipole  potential 
drop  is  maintained  between  the  GaAs  substrate  and  the  Cs  layer.  It  is 
advantageous  to  increase  the  O-GaAs  layer  thickness  in  such  range  of 
Cs-GaAs  separation  because,  while  maintaining  the  same  strength  for 
dipole  A  (GaAs-O-tCsl ) ,  more  O'2  ions  can  be  stabilized  in  the 
I Cs* l-0*2-Cs*  layer  with  the  same  number  of  Cs  atoms  due  to  extra  elec¬ 
trons  released  from  the  GaAs-0-|Cs)  dipole;  the  increased  O'2  ions 
increase  the  polarization  density  of  the  { Cs*  ]-0" 2-Cs*  layer  which  in 
turn  increases  the  strength  of  dipole  B  and  lowers  the  vacuum  level.  A 
penalty  in  increasing  the  thickness  of  the  O-GaAs,  however,  is  soon 
reached  because  barrier  A  is  no  longer  transparent  to  electrons. 

Me  now  recognize  the  weak  point  of  the  "yo-yo"  technique:  the 
GaAs-O-lCsl  (dipole  A)  and  the  { Cs* l-0‘ 2-Cs*  (dipole  B)  layer  cannot  be 
optimized  independently.  Oxygen  atoms  supplied  by  each  oxygen  exposure 
in  the  yo-yo  process  is  distributed  between  the  O-GaAs  layer  and  the 
iCs* l-0'*-Cs*  layer.  Such  distribution  is  dictated  by  the  thermodynami¬ 
cal  properties  of  the  sustem  and  a  relative  gain  in  yield  in  each  Cs-0 
cycle,  not  by  the  requirement  to  obtain  the  absolute  optimum  in  photoca- 


thode  performance. 


For  example,  at  an  intermediate  (Cs.O)  cycle  of  the 


yo-yo  process  Cs  coverage  is  relatively  low  so  that  most  oxygen  atoms 
are  bonded  to  GaAs.  Further  increase  in  the  0-GaAs  layer  thickness  at 
this  stage  does  not  increase  the  photoelectron  yield,  the  oxygen  expo¬ 
sure  is  terminated.  Suppose  that  the  next  Cs  treatment  is  just  (hypoth¬ 
etically)  enough  to  reverse  the  distribution  of  oxygen  betueen  the 
O-GaAs  layer  and  the  (Cs* ]-0'2-Cs*  layer  so  that  initially  most  oxygen 
is  used  in  forming  O'2  in  Cs.  the  oxygen  exposure  uould  be  terminated 
after  achieving  the  maximum  allowable  amount  of  O'2  and  a  "local"  maxi¬ 
mum  in  yield  (due  to  a  temporary  saturation  of  the  polarization  through 
the  l Cs* J-0*2-Cs*  layer).  Were  the  oxygen  exposure  not  terminated 
after  achieving  the  "local"  maximun  of  yield,  oxygen  atoms  would  first 
be  used  in  stealing  Cs  from  the  Cs-O-GaAs  dipole  uhih  weakens  dipole  A, 
and  uould  then  be  used  in  bonding  to  GaAs;  the  increase  in  the  amount  of 
O-GaAs  bonding  at  the  expense  of  a  "local"  maximum  may  be  desirable  in 
the  long  run  due  to  reasons  stated  in  the  last  paragraph.  It  is  not 
clear,  however,  if  the  weakened  dipole  A  may  be  recovered  by  the  next  Cs 
treatment.  Therefore  the  pursuit  of  "local"  maxima  in  photoelectron 
yield  in  a  yo-yo  process  may  leave  the  optimum  thickness  of  the  O-GaAs 
layer,  which  corresponds  to  a  "global"  maximum  in  photelectron  yield, 
unreal ized. 

Ifrg.tuo-stm.-a<;tiyi>ti<?n  .erasgaa 

We  recognize  from  the  above  discussion  that  the  capability  of  forming 
the  0-GaA3  layer  and  the  (Cs* l-0'2-Cs*  layer  independently  is  highly 
desirable.  Such  a  technique  indeed  exist  in  the  literature  without 
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being  well  understood.  As  mentioned  in  the  Introduction,  to  date  the 
highest  reflection  yield  reported  on  GaAs  has  been  obtained  by  the  two- 
stage  activation  process  1 22 ) >  in  which  a  GaAs  surface  is  first  acti¬ 
vated  to  have  optimum  yield  by  a  norma 1  yo-yo  porocess  and  then  followed 
by  a  heating  to  high  temperature  and  a  second  yo-yo  treatment.  The  heat¬ 
ing  after  the  first  yo-yo  process  was  found  to  descrb  about  85%  Cs  while 
retaining  all  oxygen  [211.  Clearly,  the  heating  transfers  most  oxygen 
atoms  to  react  with  the  GaAs  substrate.  Re-activation  after  the  heating 
achieves  a  white  light  sensitivity  about  1.4  times  higher  [21,22]  than 
that  achieved  by  the  first  activation.  In  light  of  the  model  discussed 
here,  the  heating  prepares  a  relatively  thick  0-GaAs  layer  and  creates  a 
new  initial  point  for  a  second  (Cs,0)  activation  process.  The  activa¬ 
tion  followed  the  heating  does  not  affect  the  O-GaAs  layer.  Oxygen  sup¬ 
plied  in  this  activation  goes  mostly  into  the  Cs  layer.  The  dipole  drop 
across  the  O-GaAs  layer  may  be  equal  to  that  achieved  in  the  first  acti¬ 
vation,  but  is  achieved  with  fewer  dipole  charges  which  enables  incorpo¬ 
ration  of  more  0*1  ions  with  the  same  amount  of  Cs  atoms.  This  descrip¬ 
tion  of  the  two-stage  activation  process  is  confirmend  by  the  findings 
of  Stocks  (21)  that  (1)  Cs  and  oxygen  increases  at  an  approximately 
equal  rate  (as  measured  by  the  Auger  signals)  after  each  (Cs,0)  cycle  in 
the  second  activation,  a  condition  not  achievable  in  the  first  activa¬ 
tion,  and  (2)  the  total  amount  of  Cs  was  found  to  be  the  same  in  the 
first  and  the  second  activation,  while  the  total  amount  of  oxygen  was 
found  to  be  higher  at  the  end  of  the  second  activation.  The  successful 
explanation  of  Stocker's  results  in  terms  of  our  model  can  be  regarded 
as  strong  support  for  the  notion  of  an  optimum  O-GaAs  layer. 
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The  heating  between  the  two  stages  of  activation  clearly  improves  the 
yield  by  bringing  the  thickness  of  the  O-GaAs  layer  closer  to  the  opti¬ 
mum  value,  but  the  question  of,  hou  close  is  unanswered  at  present.  A 
systematic  search  of  the  optimum  thickness  of  the  buffer  layer,  by  prod¬ 
ucing  a  wide  range  of  oxide  thcickness  through  direct  oxidation  of  GaAs, 
may  therefore  be  of  great  interest  for  future  work. 

Crystallographic  face  dependence  of  the  yield  and  the  activated  surfaces 
of  narrow  band  gap  III-V  compounds 

Dependence  of  the  photoelectron  yield  on  the  crystal lographic  orien¬ 
tation  of  the  GaAs  surface  has  been  reported  (331;  the  <111)B  was  shoun 
to  give  the  highest  yield  after  activation.  Part  of  this  effect  can  be 
explained  by  the  bulk  electronic  structure  of  GaAs:  Burt  and  Inkson  have 
shoun  that,  by  assuming  identical  potential  barrier  at  the  surface  and 
by  taking  into  account  the  Bloch  nature  of  the  wavefunction  of  photoex- 
cited  electrons,  the  transmission  coefficient  is  tuice  higher  on  the 
(111)B  surface  than  on  the  (11DA  surface  (341.  In  light  of  the  impor¬ 
tance  of  the  O-GaAs  layer  suggested  by  our  model,  part  of  the  crystallo¬ 
graphic  face  dependence  could  come  from  the  different  oxygen  adsorption 
properties  of  the  different  surfaces  of  GaAs.  The  difference  in  adsorp¬ 
tion  property  could  be  in  the  rate  of  adsorption,  uhich  influences  the 
thickness  of  the  O-GaAs  layer,  and/or  in  the  O-GaAs  bonding  configura¬ 
tion,  uhich  influences  the  effectiveness  of  the  orientation  of  the 
GaAs-O-lCsl  dipole. 
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Different  spin-polarization  efficiencies  have  also  been  observed  on 
activated  (110)  and  (100)  surfaces  of  CaAs  (Pierce,  ref.  8).  Again  part 
of  this  difference  could  be  explained  by  different  channels  of  spin 
relaxation  within  bulk  GaAs,  but  possible  differences  in  the  structure 
and  composition  of  the  activated  surface  due  to  different  oxgen  adsorp¬ 
tion  properties  between  the  (110)  and  the  (100)  surfaces  should  not  be 
excluded . 


By  the  same  notion  of  oxygen-substrate  interaction,  we  can  suggest 
reasons  why  some  narrow  band  gap  1II-V  compounds  are  difficult  to  acti¬ 
vate.  For  example,  GaSb  was  found  to  oxidize  (direct  formation  of  Ga203 
and  Sb203)  after  exposure  to  molecular  oxygen  at  room  tempratureuhereas 
GaAs  does  not  [35];  it  is  thus  possible  that  during  the  (Cs,0)  treatment 
on  GaSb  surfaces  thick  layers  of  bulk  oxides  of  Ga  and  Sb  are  formed, 
which  are  responsible  for  the  interfaeial  barrier  observed  [15].  There 
may  exist  a  general  trend  among  1 1 1 - V  compounds:  the  narrower  the  band 
gap  the  easier  is  the  oxidation  and  hence  the  more  difficult  is  the  eli- 
mation  of  the  interfaeial  barrier  in  a  yo-yo  process. 


Another  special  point  to  be  remembered  for  narrow  band  gap  III-V  com¬ 
pounds  is  that  dipole  A,  even  after  achieving  the  optimum  substrate-oxy¬ 
gen  bonding  layer,  may  still  be  above  the  threshold  set  by  the  band 
gaps,  optimization  of  dipole  B  then  becomes  very  critical. 


Fig.  76  gives  He-Il  spectra  of  three  activated  surfaces  (the  top  solid 
curves)  with  their  white-light  sensitivity  indicated.  Peaks  2  and  3  in 
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the  EOC's  of  samples  P4  and  P5  are  much  more  prominant  than  those  in  the 
EDC  of  sample  P 3.  The  bottom  dashed  curve  in  fig.  76  shows  the  spectrum 
of  OH*  on  K  obtained  by  Petersson  and  Karlson  136]  by  adsorbing  Hz0  on 
thick  potassium  film  at  liquid  nitrogen  temperature.  (Note  the  He-II 
radiation  used  by  Petersson  and  Karlson  was  not  monochromatized,  hence 
the  peak  with  higher  binding  energy  (10.9  eV  below  the  Fermi  level)  in 
this  spectrum  contains  excitation  of  the  K-3p  peak  by  the  48  eV  line  and 
thus  appears  stronger  than  it  should  be.)  The  binding  energies  of  the 
two  peaks  in  the  spectrum  of  OH*  on  K  are  at  6.7  eV  and  10.9  eV  below 
Fermi  level.  Both  the  separation  and  the  relative  intensity  of  the  two 
peaks  are  close  to  those  of  peaks  2  and  3  in  the  EDO's  of  samples  P4  and 
PS.  Me  therefore  conclude  that  serious  contaiminati on  with  OH  had 
occured  in  some  of  our  activated  surfaces.  In  contrast  to  the  results 
here,  no  OH*  contaimination  was  found  in  the  non-activation  experiments 
(sec.  3  and  refs.  25.26);  a  feu  favorable  conditions  in  our  activation 
experiments  for  the  formation  of  (OH)*  ions  should  be  pointed  out.  The 
highest  oxygen  pressure  used  in  activation  experiments  was  2x1P*9  torr, 
whereas  the  lowest  oxygen  pressured  used  for  the  non-activation  experi¬ 
ments  was  1x10**  torr.  The  competition  from  background  Hz0  and  OH  gas 
to  react  with  Cs  is  much  more  severe  in  activation  experiments  than  in 
the  non-activation  experiments.  During  the  oxygen  exposure,  the  par¬ 
tially  open  ion  pump  may  have  a  high  hydrogen  background  that  can  react 
with  0Z  and  deliver  Hz0  or  OH  to  the  main  chamber.  The  adsorption  of 
(OH)*  ions  was  found  unavoidable  on  many  surfaces,  successfully  acti¬ 
vated  or  not,  from  three  separate  runs,  so  long  as  oxygen  exposures  were 
made  in  the  way  described  above.  It  is  not  surprising,  however,  to  have 
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successfully  activated  surfaces  even  with  the  presence  of  (OH)'  ions. 
Uebbing  and  Bell  (371  have  demonstrated  that  Ino.  iiGa<>.8»As  surfaces  can 
be  activated  uith  alternating  Cs-Hz0  treatment  to  have  as  good  yield  as, 
if  not  better  than  that  activated  uith  Cs-Q  cycles.  Because  ue  expect 
H2O  to  decompose  into  OH  and  0.  the  surfaces  activated  tv  Cs  and  H*0 
should  contain  a  mixture  of  OH"  and  0"2,  similar  to  the  titivated  sur¬ 
faces  contaminated  uith  OH  in  this  uork.  A  more  general  discussion  of 
the  use  of  CsOH  as  a  lou  uork  function  coating  has  been  given  by  Uebbing 
and  James  [151.  Although  unintended,  the  adsorption  of  OH  under  our 
experimental  condition  uas  controllable  in  the  sense  that  the  partial 
pressure  of  OH  uas  decreased  and  increased  together  uith  the  partial 
pressure  of  0Z  according  to  the  uhite  light  sensitivity  monitored  during 
the  yo-yo  process.  Adsorption  of  OH  from  the  residual  gas  after  the  com¬ 
pletion  of  the  activation  is  also  possible  and  is  uncontrol  1 abe.  and 
hence  may  have  different  effect  on  the  photoelectron  yield  which  will  be 
seen  belou.  Me  note  that  ion  pumping  and  -10" 10  torr  base  pressure,  sim¬ 
ilar  to  our  experimental  conditions,  have  been  the  enviroment  of  fabri¬ 
cating  many  pratical  photocathodes,  hence  the  problem  of  OH  "contamina¬ 
tion"  facing  us  here  should  be  of  general  concern. 

The  most  obvious  correlation  of  differences  in  the  EDC's  in  fig.  76 
to  differences  in  uhite-light  sensitivity  appears  to  be  the  relative 
height  of  the  OH  peak  and  the  O'2  peak.  The  amount  of  OH  is  clearly 
smallest  on  sample  P3  which  has  the  highest  uhite-1 ight-sensitivity. 
This,  however,  does  not  imply  the  amount  of  O'2  should  be  arbitrarily 
high  in  order  to  have  high  yield.  The  only  place  a  strong  O'2  peak  uas 
obtained  uas  by  overcesi ating  at  each  Cs-0  cycle,  i.e.,  by  peaking  the 
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white  light  sensitivity  gith  oxygen  but  continuing  the  Cs  flux  beyond 
the  peak  sensitivity  point  until  the  sensitvity  dropped  more  than  602  of 
the  peak  sensitivity.  A  thick  (Cs,0)  layer  with  very  low  white  light 
sensitivity  resulted  from  such  treatment,  as  evidenced  by  the  barely 
visible  Ga-3d  level  in  the  spectra  of  fig.  77.  Assuming  an  escape  depth 
of  -5  k  in  the  (Cs,0)  overlayer  for  photoelectrons  from  the  Ga-3d  level, 
the  thickness  of  the  (Cs.O)  overlayer  is  estimated  to  be  of  the  order  of 
20  A.  The  white  light  sensitivity  was  very  tow  at  the  end  of  this  treat¬ 
ment  and  the  OH  peaks  are  seen  to  be  weaker  than  the  O'2  peak.  As  this 
surface  was  aged  in  vaccuum,  the  OH  peaks  grew  and  the  white  light  sen¬ 
sitivity  increased,  opposite  to  the  trend  seen  in  fig.  76.  Part  of  the 
increase  in  yield  can  be  attributed  to  the  deduction  in  metallic  charac¬ 
ter  of  the  overlayer  by  the  incorporation  of  OH  ions:  Right  after  the 
treatment,  the  overlayer  is  Cs  rich  as  evidenced  by  the  rather  strong 
tailing  emission  on  the  high  binding  energy  side  of  the  5pi/2  level 
(bottom  curve,  fig.  77).  Electron  scattering  is  strong  in  metal,  hence 
a  thick  overlayer  with  metallic  character  results  in  a  significant  in 
the  loss  of  the  number  of  photoelectrons  escaping  from  GaAs.  Increasing 
the  ionic  character  of  the  overlayer  therefore  enhances  the  yield.  The 
other  part  of  the  increase  in  yield  comes  from  the  lowering  of  the  sur¬ 
face  work  function:  In  fig.  77  we  see  the  O'2  peak  shift  to  higher 
binding  energy  (from  2.2  eV  below  VBM  to  2.7  eV  below  VBM,  or  from  2.7 
eV  below  the  Fermi  level  to  3.2  eV  below  the  Fermi  level)  r.s  the  amount 
of  OH  is  increased.  The  cs-5p  levels  also  show  a  shift  in  the  same 
direction,  although  the  magnitude  of  shift  is  smaller.  According  to  the 
model  we  developed  in  orur  early  work  (261,  this  shift  indicates  an 
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increase  in  the  dipole  potential  drop  across  the  region  of  the  overlayer 
containing  the  O'2  ions.  We  interpret  the  initially  broad  C'2  peak  as 
due  to  0*2  ions  distributed  throughout  the  overlayer,  similar  to  the 
situation  of  O'2  in  bulk  cesium  suboxide  (and  this  is  the  reason  the 
initial  BE  of  the  0-2p  peak  is  the  same  as  that  found  in  the  oxidation 
of  bulk  Cs  1271  and  standard  bulk  suboxides  1241).  The  adsorption  of  OH 
forces  O'2  ions  to  be  confined  within  one  or  two  outer  layers  which 
give  an  effective  [ Cs*  1-0" 2-Cs*  dipole  contribution  to  the  lowering  of 
the  surface  work  function.  The  fact  that  the  mild  heating  at  85°C  for  3 
minutes  (top  curve,  fig.  77)  gave  the  largest  increase  in  white-1 ight- 
sensitivity  appears  to  support  the  importance  rearranging  O'2  ions  in 
enhancing  the  yield.  Even  after  the  undesirable  thick,  Cs  rich  suboxide 
is  replaced  by  ionic  CsOH  layer  and  a  [ Cs* l-0'2-Cs*  dipole  is  provided 
at  the  outer  surface,  the  white-light  sensitivity  is  still  far  below 
that  expected  for  the  NEA  condition  (*400  utA/1 ) .  The  thickness  of  the 
overlayer  in  this  case  is  of  the  order  of  that  discussed  for  either  a 
CsOH  or  a  CsjO  overlayer  in  the  hetero junction  model  1151.  Such  thick¬ 
ness  is  considered  inappropriate  based  on  the  present  results. 

A  case  of  contrast  is  given  in  fig.  78.  When  sample  P5  was  aged  in 
vacuum  overnight,  the  O'2  peak  disappeared  completely  and  the  white 
light  sensitivity  dropped  by  a  factor  of  10.  The  overlayer  is  clearly 
thinner  than  that  on  sample  P6  (fig.  77)  both  before  and  after  aging, 
but  the  white-light  sensitivity  is  only  comparable  to  that  of  smaple  P6 
after  mild  heating  (top  curve,  fig.  77).  We  therefore  conclude  that  0"2 
is  essential  for  achieving  good  yield.  The  OH  ion  is  useful  in  "neu¬ 
tralizing"  excess  Cs  and  providing  an  ionic  low  work  function  coating  on 
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BINDING  ENERGY  (eV) 


Figure  77:  evolution  of  a  thick  (Cs,  0,  OH)  overlayer  on  sample  P6  in 
ultra  high  vacuum  as  recorded  in  He-II  photoemission 
spectra. 
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GaAs  surfaces.  but  C30H  layer  does  not  offer  the  polarizability  the 
! Cs* 1-0" 2-Cs*  layer  posses.  (This  is  because  OH-  does  not  favor  a  layer¬ 
like  arrangement  with  Cs*  uhereas  0**  favors  a  layer-like  arrangement 
with  Cs*.  for  example,  in  CS2O)  Over  adsorption  of  (OH)*  ions  at  the 
expense  of  O'2  ions  is  therefore  one  of  the  degradation  mechanisms  of  an 
activated  surface. 

The  replacement  of  0*2  by  OH  in  the  Cs  layer  is  also  expected  from 
considerations  of  heats  of  formation.  In  tabel  13,  ue  listed  the  heats 
of  reaction  of  OH  with  Cs,  Cs30  and  CS2O.  CsOH  is  clearly  more  stable 
than  any  of  the  O'2  containing  compounds;  OH  will  eventually  replace  all 
oxygen  in  the  Cs  layer  over  a  long  time. 
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N(E)  (arbitrary  units) 


BINDING  ENERGY  (eV) 


Figure  78s  Overnight  degradation  of  an  activated  surface  ns  recorded  in 
He-!I  photoomission  spectra. 
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TABLE  13 


Heats  of  formation  of  OH  compounds 


Reactions  -iH(kca1/mo1e)t 


Cs  +  OH  ■*  CsOH 

97 

* 

Cs30  +  OH  -»  Cs20  +  CsOH 

88 

2  Cs20  +  2  OH  -»  Cs202  +  2  CsOH 

141 

♦  Ref.  38 

6.5  mamsiaM 

In  conclusion,  ue  have  established  a  physical  model  for  GaAs  surfaces 
activated  uith  (Cs.O)  yo-yo  treatment,  based  on  photoelectron  spectro¬ 
scopic  measurements  made  on  such  surfaces.  Two  dipole  layers,  a 
GaAs-O-lCsl  layer  and  a  ICs* ]-0*I-Cs*  layer,  are  found  in  the  model  to 
contribute  to  the  lowering  of  work  function  on  activated  surfaces.  The 
identification  of  a  layer  of  oxygen  bonded  to  GaAs  greatly  clarifies  the 
physical  nature  of  the  "interfacial"  barrier  to  electron  escape  observed 
in  earlier  yield  measurements.  The  failure  of  a  normal  yo-yo  procedure 
to  optimize  the  O-GaAs  layer  at  the  same  time  it  forms  the  (Cs.O)  layer 
is  considered  as  a  drawback  of  this  activation  technique.  The  two-stage 
activation  procedure  is  shown  to  improve  the  yield  of  a  photocathode  by 
preparing  the  O-GaAs  layer  and  the  (Cs*.0‘2)  layer  separately.  The 
findings  of  this  work  indicate  that  a  systematic  search  of  the  optimum 
O-GaAs  layer  with  the  aide  of  surface  characterization  tools,  such  as 
the  photoelectron  spectroscopic  technique  used  here,  will  be  of  great 
value;  extension  of  such  work  to  III-V  compounds  with  bandgsps  narrower 
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than  GaAs  is  especially  crucial  to  the  future  photocathode  technology 
utilizing  those  materials. 
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Chapter  VII 


CONCLUSIONS:  LOCKING  AHEAD 

The  major  conclusions  of  this  dissertation  have  been  given  in  the 
summary  section  of  each  chapter.  Therefore  ue  will  not  re-iterate  these 
conclusions  in  this  final  chapter.  Instead*  ue  uill  discuss  possible 
extensions  of  this  work  based  on  the  findings  given  in  the  preceeding 
chapters. 

7. 1  ADSORPTION  PE  OXYGEN  ON  SI  AND  GAAS  SURFACES 

Chapters  II  and  III  are  concerned  uith  the  adsorption  of  oxygen  on  Si 
and  GaAs  surfaces.  The  major  effort  of  this  work  has  been  to  determine 
the  oxygen-semiconductor  bonding  configuration.  To  do  so,  ue  have  heav¬ 
ily  relied  on  the  interpretation  of  the  density  of  valence  states.  One 
limitation  in  those  interpretations  is  that  in  angle-integrated  photoem¬ 
ission  spectrum  the  bonding  band  is  broad  and  overlaps  uith  substan¬ 
tially  uith  the  non-bonding  band  (see  Chapter  III)  which  make  comparison 
uith  theoretical  calculations  a  prohibitive  task.  Use  of  polarized  syn¬ 
chrotron  radiation  in  conjunction  with  angle-resolved  photoelectron  ana¬ 
lyzer  uill  overcome  this  problem.  For  example*  if  oxygen  is  in  a  bridge 
bonding  configuration*  say*  Ga-Q-As>  the  bonding  band  should  split  into 
a  9  and  a  s  component*  such  splitting  is  not  resolved  in  angle-inte¬ 
grated  photoemission  measurements;  in  an  angle  integrated  measurement* 
houever*  by  choosing  the  polarization  of  the  synchrotron  radiation  par- 
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allel  wtih  or  perpendicular  to  the  GaAs  surface,  the  it  or  the  o  compo¬ 
nent  could  be  preferentially  enhanced.  Parameters  such  as  the  o-n 
splitting  can  thus  be  obtained  and  readily  compared  to  theoretical  val¬ 
ues. 

Another  interesting  suggestion  raised  by  the  results  of  this  disser¬ 
tation  is  that  dissociation  of  molecular  oxygen  on  semiconductor  sur¬ 
faces  does  not  necessarily  occur  through  interaction  with  defect  sites 
on  the  surface.  Such  suggestions  were  inferred  from  the  bonding  configu¬ 
ration  determined.  There  are  other  possible  sources  of  dissociated  oxy¬ 
gen  atom  which  may  involve  different  energetics  and  thus  lead  to  differ¬ 
ent  oxygen-semiconductor  bonding  configurations.  Comparative  studies 
made  cn  such  systems  may  provide  very  important  information  for  both  the 
dissociation  mechanism  and  the  bonding  configuration  of  adsorbing  molec¬ 
ular  oxygen  on  semiconductor  surfaces.  A  few  alternative  sources  pro¬ 
viding  different  oxygen  species  are  listed  below: 

i)  O3,  the  energy  (0.7  eV)  required  to  dissociate  03  into  0Z  and  0 
is  lower  than  that  required  to  dissociate  0*  (4.6  eV). 

ii)  N20.  The  complication  could  arise  from  adsorbing  NjO  on  either 
Si  or  GaAs  is  the  possible  interaction  of  nitrogen  with  the 
semiconductor  surfaces.  On  Si  surfaces,  however,  nitridation  of 
Si  is  itself  a  subject  of  great  practical  significance. 

iii)  Illumination  of  GaAs  or  Si  surfaces  with  UV  light  (use,  for 
example,  mercury  lamp)  during  oxygen  exposure.  The  light 
energy  should  be  just  enough  to  excite  electrons  from  semicon- 
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tion  point  of  view.  Investigation  of  the  spin  polarization  efficiency 
of  activated  surfaces  should  also  be  considered*  due  to  a  potentially 
large  demand  for  sources  of  spin-polarized  electrons  from  many  different 
branches  of  scientific  activities. 
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